Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 




■•¥•*•■ ■■»■■■■■■■* ■■ .WV---V— --V— --— — ^ — -^ . . ___ —^ ^ 




Tl^QrcojoOlill Book Qx 1m 

PUMISHSRS OP &OOK.S FOi^/ 

Electrical \W>rid ^ Ei^ineerii^g^evs-Record 
Power r Ei^ineering and Minii^ Joumal-Rness 
Qiemical and Metallurgical Er^ineering 
Eectric Railway Journal v Coal Age 
American Machinist *^ Ii^genieria hiemadonal 
Electrical Merchandisii^ v BusTiansportatlon 
Journal of Eectricity and Western Indusuy 

Industrial Ei^ineer 



7\ 



---fn.- if" "^ **" *" f*- "" iif*-ii."^ 




CONNECTING 
INDUCTION MOTORS 



The Practical Applifmtiori i>f n I>csigniQg Kngineer's 
Esperience io tjic Pralilcms of Operating Engineers, 
Armature Wimlers ami Repair Men. Alto thi; Presen- 
tation to Students of Practical Questions Ariising in 
fViudiof and Connecting Alternating Cuireut Motoni. 



A. M. DUDLEY. B.S. in E.E. (Michigan) 



McQRAW-HILL BOOK COMPANY, Inc. 

NEW YORK: 370 SEVENTH AVENUE 

LONDON: ft 6 BOUVBRIE ST., E. C, 1 



Copyright, 1921, by the 
McGraw-Hill Book Company, Inc. 



PBINTSD IN THB UNITED BTaTKB OF AlISBICA 



THE MAFI.S FRK88 - YORK l»A 




PREFACE 

The material which lat«r devclufx^ into this Ucnk appeared 
firet in Uie "Electric Journal" lu Fcbriuirj-, 1916. It was yro- 
pArcd as a general answer to quostinns which come to the Ques- 
tion Box Editor, regarding Inductiun Motor Cunacctlons and 
ihe poesibility of maldug changes to meet vurj-ing conditions of 
voltage, phase, etc. Tliis article came to the attention of Mr- 
V. A. Ami«tt, Associate Editor of " Power," and at his re<]uest 
was elaborated into a series of articles appearing at intervals frum 
January, 1917, for about 3 yeara. From the commenta on t-heae 
urticies, there appeared to be a justiGcntion for a permanent 
form which is now presented in this book. 

Owing to the fact that the articles api^ieared in this way and 
without definite plan at the start, the material lacks unity in 
some details, and also bears evidence of being viewed from a 
repair standpoint rather than as a book on winding. The 
author still cherishes the hope that the future may bring time 
and opportunity for a revision, which will permit a more orderly 
arrangement. In its present form it is offered for what it may 
bo worth to practical men engaged in operating and repair 
work. It was these men who were always in mind and for whose 
use the material was intended. 

The author takes this opportunity of expressing his grati- 
tude to the Westinghouse Electric and Manufacturing Company 
for permission to present the material, and to the "Electric 
Journal" and "Power" for the use of cuts and material appear- 
ing in their columns. He wishes also to express a personal 
appreciation of the assistance and inspiration afforded by Mr. 
F. A. Annett, whose interest in the subject made this book 
possible. 

A. M. DUDLST. 

East PrrroBinuiB, Pa., 
NtKimber, 1920. 
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The beet text bodks for students usually arc written by thow 
EDoet fvuiliiU' witJi Lhu art of tcsnliiog ; aa sbuuld thi; bnct techni- 
cml books, for the at'tive wurkeia, be written b; thiiae who are in 
the midst of such work. Othcrwiao the ttirt is liable to lag be- 
hind the actu^vl practice. In the electrical art the growth has 
been au rapid and the changes in practire So numeroun, that 
oalf those directly in Uiuch with the many developments ore 
able to tell the up>to-dat^ »tory. Unfortunately, it a only in 
rare ea&ea the don is the USUr, that is, too often he delegates the 
tclliDg nf his work to others, while be contiiiues to do. Lack of 
practice in writing is often back of this. In Mr. Dudley's book 
we have a very positive exception to the usual practice, for here 
we have the case of a writer with fourteen years of active prsc- 
UciU experience upon which to build his treatment of the sub- 
ject. Conaequently there is a sincerity in the facts presented 
and a logic in their treatment which appeal strongly to the 
practical man. Hie method given for checking phaae rotation 
on a three phase winding, is an example, as is also the tal^e (^ 
voltages showing how coonections may be changed for any com- 
htoatios (d phases and voltages. Since the treatment does 
repnsent good engineering practice, it also makes an appeal to 
the student whose practical experience is still ahead of him. 

like all highly technical subjects, the Induction Motor, in the 
paat, has been treated very completely from the theoretical stand- 
point, while comparatively little has been published concerning 
tlte really practical details, of which the windings are a prominent 
part. ThiH tj-pe of motor, while much later "in the running" 
than its d.c. rival, has fairiy pre-empted the Seld in general 
power work. Therefore a practical treatise on the winding chai^ 
aat«risties ot this apparatus, such as the author has presented, 
is not only moet timely, but is really a practical neceesity. 

It is with the greatest pleasure that I recommend this work 
to tboee who arc interested in both the thenrelical and practical 
side of the Induction Motor probtem. 

(Signed) B. G. LaHhB. 



CONNECTINTG 
LNDUCTIOK MoniRS 

E WINDING OK AM IKDUCTIO^ MOTOR 
ACCOMPLISHES 

The etrnplast eoacFpuiio uf any mottu- either diimt ur alter- 
BAUDS correm U Uiai U ecmnsts uf » mn^ctic circuit iat«r> 
Gnkcd Aiiii an d«cmaU drcait to such & w»y sa lo produce a 
mecfaaiuc&l luming fonx. A study of the rcesoas for Uus ion» 
uid its results te&ds naturally to the consideratioD of the tuAg&etii: 
drcuit and the way it is set up and of tJie (Owiric circuit and the 
interrelation of the two. It was recognized a long lime ago that 
A magnet could be produced bypassing an electric current thn>u|[h 
s coil wound aniuod magnetic material and the fact was estal)- 
Csfaed luler that when a uurrent is iias««t1 through a conduclor 
or a c(ril wluch is situated in a magnetic field there is sot up a 
foroe tending to produce motion of the coil n-lalive to tbo field, 
^noc it ia equally true that a magnet is most easily produced by 
an electric current and that an electric cnrrcut is most easily 
produced by employing a magnet it is not material which of these 
elements is considered the more fundamental and the better 
slartii^ point for study. One thing which Ijeiwmes at>P^t^'<>t 
is that coils or ttims of wire aie essentia] both to the magnetic 
and the deetric circuit and it is the form and com lunation of these 
coils in aUemating-current motors which is the subject matter 
of this book. 

Functions of the Windings in a D. C. Motor. 

In the familiar shunt-wound dirvct-current motor there are 
two separate and distinct windings each serving a special pur- 
pose. There are the shunt ooils on the stator or field member 
whose function It is to establish the magnetic circuit or "field. " 
Tltere are also the coils on the artnature which conalitute the 
electric circuit or the circuit carrying the working current. 
1 



2 CONNECTING INDUCTION MOTORS 

In addition to carrying the working current the armature coils 
are also acting as generator coils and generating a voltage which 
prevents any more current flowing in the armature than is nec- 
essary to produce exactly the required amount of torque. A little 
consideration shows that this must be the case. The full load 
current in a 5-hp. 230-volt motor is in the neighborhood of 20 
amperes and the resistance of the armature between brushes may 
be 0.3 of an ohm. Since the armature brushes are put directly 
across the 230-volt line, if there was no other condition existing 
except Ohm's law, a current would flow in the armature having a 
value of 230 -^ ^o = 767 amperes. However, since the full- 
load current of the motor is only 20 amperes it is evident that 
only 6 volts are required to circulate this current in the armature 
and the remaining 230 — 6 = 224 volts are absorbed or ac- 
counted for in some other way. As a matter of fact these 224 
volts are taken care of by the armature which actually generates 
a voltage of 224 volts and opposes it to the line leaving only the dif- 
ference between 230 and 224 or 6 volts available to force the needed 
working current through the armature. The name of this voltage 
generated in the armature is the "back-electromotive force" 
or "counter-electromotive force" and it is present in the case of all 
motors of any type whether direct- or alternating-current. 

I Direct Current Power Supply {^Malng l^ 

[ Shunt yield Coil J p„^,„^^" 

Magnetizing 
Current 




-;>Q0OQ0QQQi> /avwws^ 

Armature Colli / 

Carrying Working Bcsistanco Bepresentlng 

Currant Counter e.m.f. Generated by 

the Armature Colli 

Fig. 1. — Windings of a direct-current motor and their functions. 

The foregoing is mentioned to show that on a shunt-wound 
direct-current motor the windings are exercising three distinct 
functions, viz., first, the field coils are setting up the magnetic 
field, second, the armature coils are carrying the working cur- 
rent and, third, the armature coils are generating a voltage which 
is opposed to the line voltage and which determines how much 
working current may fiow in the armature and hence, directly, 
how much torque will be produced. 

This condition is shown diagrammatically in Fig. 1 where the 
shunt-field coil is shown setting up the magnetic field and the 



Wt\DlSG OiV AN tNDVCTiON itOTOR 3 

■nnature eoilE carrjing the working ctimnt. The eountflr-dec- 
Promotive foroe which is fe^ent«d by the Armature coiLi m ntp- 

Died 0* ft reastance in senea with the umatans nocc it* 
s U to cut down the amouat of eun«nt whuh would oLb«f- 

^ 6ow io the Armature. 

t Motor. 

la aa alberaatiog-csntat motor ti the sjmhmaaia ijyt thera 
UE aisD two winding eaerasog ttiae Hflw thre« funetMqi, vis-, 
first, the direct-earreat wijwfiiut eerrtog to tet up the iMco«tie 
fidd. KDoad, the •Iteraatia^f-oirmic winding earryinit the work' 
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4 CONNECTING INDUCTION MOTORS 

condition that in one single winding or set of coils there exist 
three separate actions. First, the magnetizing current is flowing 
and setting up the magnetic field just as it does in the shunt direct- 
current or synchronous alternating-current motor; second, the 
working current is flowing and being transformed into the rotor 
and, third, there is a generator action taking place in the coils 
and generating a back or counter-electromotive force opposite 
in direction and slightly less in amount than the applied line 
voltage. 

This condition is shown graphically in the diagram of Fig. 3 
where the three separate actions are indicated and shown to be 
similar to the corresponding items in Fig. 1 and Fig. 2. 
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Short Circuited. liotor Circuit Kesiftancu Uvprcscuting 
either Squrrel Cage Counter u.m. f. Gunuratod 

or I'haie >^'ound by Stator Coila 

Fig. 3. — Windings of an alternating-current induction-motor and their functions 

Since these three conditions do exist in the single winding 
it becomes evident that when changes in operating conditions 
occur such as are covered by reconnecting a winding for different 
phases and different speeds, etc., all three of these conditions 
must be satisfied if the operation of the motor is to be normal. 
That is to say, the cross section of the conductor in the windings 
must be great enough to carry the combined magnetizing and 
working current; the number of turns must be correct for setting 
up the required magnetic field and the combination of magnetic 
field and number of turns in the armature working together must 
generate the required counter-electromotive force, which in all 
cases is just slightly less than the applied line voltage. This 
also shows the reason why one of the simplest methods of figur- 
ing how many turns are required in the winding of a given 
motor is to consider it as an alternating-current generator rather 
than as a motor. This method is frequently referred to through- 
out the text and an effort made to have it appear as a physical 
picture of what is going on inside the motor rather than as 
a set of mathematical formulae or an involved vector or circle 
diagram. 
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It '» torn gcoermQir understood that ui fitectrio motor prodtirM 
torqae or driviofi eSort by uUliuDi; the oftccl of • mft|;tM>t)C Mi 
upoQ » viie, or inres, vhidi ttrc cairj'ing oJeclno i^unrnl. tl U 
wiao Dodefstood th&t a magoeiio field out}- tw pnxlucxH) m *n 
iroa circuit by passing an clfclric currcot Uiroiifb k coil which 
BiUTouDds or is inicrlioked with Ih&l iron oiivuit. 'Yhif m'tioit of 
produoJng driving effort in a direct-ciirmnl motor I.I1PI1 Ivivoinwi 
very simple. I^lrst th« niugnelio field i« evt up Uy piuwiuit n 
direci current through ih« GeldcoUssurroiitidiai; thotxilra. Thd 
direct current is drami from the sutno source of iiui>l>ly that In 
to drive ibe motor. When the mtvitnetio floM i« iot up, itnothvr 
direct current is drawn from tho sourrv of supply &!id iMuiHPtl lu 
flotv iJirough the armaiure roils whiiih lie in tho nniKnoti" t^f^A 
jiut previotisly sot up. The action of tlio tnogueUsm of lliti Hold 



6 CONNECTING INDUCTION MOTORS 

on the current in the armature wires causes the rotor to develop 
torque and start to turn. 

The foregoing is elementary and exactly the thing that hap- 
pens in the alternating-current motor, but in a little diflferent 
way. In the direct-current motor just noted, two sets of coils 
were used. The first set — the field coils — was used to excite the 
magnetic field; the second set was the armature coils and was 
used to carry the working current. In the induction motor 
there is but one set of coils, which must at the same time exercise 
the two functions of setting up the magnetic field and carrying 
the working current. This fact is chiefly responsible for the 
condition in the motor which is called power factor and which is 
not present in the case of the direct-current motor. 

It is worth while to consider as simply as possible the manner 
in which the magnetic field is set up in the induction motor and 
the reason it travels around the machine at a relatively high rate 
of speed. 

Long before the days of Tesla and Feraris, it was known that 
if a magnet was passed over a sheet of copper close to its surface, 
a force was produced which tended to cause the copper to move 
in the same direction as the magnet. Although not then so 
recognized, this was the fundamental principle on which all 
modern dynamo-electric machines are based. The contribution 
that Tesla and Feraris made was the discovery that such a 
moving magnetic field could be set up by an alternating current 
and need not rely on a permanent magnet or one excited by 
direct current. 

Setting up a Rotating Magnetic Field by Alternating Current. 

The matter of setting up such a field by alternating current 
and causing it to move can be shown by a few simple figures. 
Figure 4 is a cross-section through a direct-current machine. It 
shows an outside field yoke with inwardly projecting field poles 
with a coil around each polepiece through which a direct current 
is flowing. The usual convention is adopted to show the direc- 
tion of the field current by marking the conductors with a dot 
when the current is flowing toward the observer and with a cross 
when it is flowing away. The armature is shown by the inside 
circle carrying the conductors C on its periphery; in practice 
these conductors would be connected to a commutator. The 
magnetic field itself is represented by the dotted lines passing 
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Direct-CnnBrt Antlogue. 

If nonr, contrvy to the usual prBciice. the mKcfaiac is sispcoded 
by raeBOs oi the abaft pro]«c1ing on cither side lutd the arnifttim 
beM fnun tuiajiig by cbunpiag thu sluft, it rhuM ha p»a<abl» 
to uke bold uf the field frame and rotate it aroimd the ajrualurv. 
MeduaKaO)' such & rvlatioo voulil not iutcTfrir nrith tlir u^ual 
dectrieal functions of say of the pans of the machiac eince the 
brosKes *Duld bear an the fommutator a* usual aod more nU- 
ttvidy to the poJepkKes, the only difference being thai ihiw the 
enminutator is standios still aod ttie bmshes are uwvtnic. 

GoiDf a step fartltcr, if tho Bcld vros driven mechanically at 
a fair rate of Fpeed around ibe armaiure, this inverted diroct- 
eun^Dt mariiine would ^ve a ruo' fair reprcseatation of what 
IB going OD issidc an inductioo motor. So far u the rotating 
magnetifm is concerned, it is juat as surely present in the ono 
ease as in the other and nith just as plainly marked north and 
south pciks. The difference is ihat in the induction motor Ihc 
magnelic field alone rotates and the iron core with tho windings 
stands Etill, while in the case of the inverted direct-eurrent 
tnacfalne described, the irou core and the Sdd coils ate gtung 
around with the tnagnetlsm. 

The picture that the forgoing is intended to bring out is that 
in any running induction motor a woll-dcEiocd maf;notii: field is 
actually rotating in the ^ator exactly the same as would be the 
case if we exdted a field of equiil strength by direct current and 
rotated it mechanically. The manner of selling up thia field 
by alt^nating current instead of direct current and making it 
rotate electrically instead of driving it mechanically is explained 
in Figs. 5 to 8. 

Figure 5 shows tho same machine as Fig. 4 except that it is 
developed or rolled out flat the better to illustrate the point. 
Suppose, for example, that it is desired to set up a magnetic 
field ss shown and cause it to travel from right to left in the 
direction of llie arrow. One method of doing this woukl bo to 
excite the pole marked No. 1. Fig, 5, Tvith direct current to produce 
a south pole as shown ; a fraction of a second later No. I could be 
cut off and No. 2 made a south pole; after the same interval of 
time No. 2 eould be cut uS and No. 3 excited south; followed, in 
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Fia. 4. — Cross aectioa of a d.c. macblne Bhowing the magnetic field. 
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Fro. 5. — Davelopment of Fig. 4. 
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Ph». 6. — Simplest forra of four-pole Bingla-phase wiodiag. 

^ fca. AfK ^B, A,A, B,B, A A, tB, i. 
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Fio. 7. — Two-phase winding equivalent of Fig. 6. 
C.B.H.A,A.C,C,S^,B.A.A,C,C.B,B,A,A.C,C,B,B,^^ 
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Fto. 8. — Three-phase winding eqiUTsIent of Fig. 6. 
How the magnetio field rot«tM in an induotion motor. 
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i, BX(er tbc 33nio interval iigiuii< ^' culling oS No. 3 aud tn- 
(aling No. 4. Thus a eouth pole would hare traveled regularly 
und steadily ^tvm right to left mi desjr«d. But thU is MMTig, direei 
cumat. 

Au analysts of wlint retdly LAppuned showt that while No. 1 
was excited as s couth pole, No. 2 nii^t just m »t11 have hcrti 
M(dt«l AS ft north pole since the magnetism to Sow into No. 1 
and make it south must flour annuid and out of Xo. 2, (m aliotro. 
This is indicuted by the dotted lines, which roprcseui the mngnetic 
6cld. At tliifl instant, then, coil No. 1 would be excited nu'nus 
and plu3 and No. 3 excited plus and minus, as shown. However, 
UiD next instant, when No. 2 15 to be niade a south pole, tliis 
excitation wauld have to be reversed to minus and plus, and ao 
■nstoni Ittfer, when No, 3 becomes a sourh, No. 2 can at;ain tw a 
north and the excitation would again reverse to plus and minuis. 
CoE^deratioD of any particular coil in this way shows that 
each time the field moves forward one polo, the excitation of all 
the poles changes in direction and consequently each pole might 
quite as well be excited by ulleniatin); current, which in effect 
is really rapidly reversing direct current. 

The Frequency of an Altemating Current. 

The rapidity of these reversals or the so-called frequency of 
the alternating current would depend on how rapidly the fidd 
was expected to advance a space represented by the distance 
from center to center of adjacent poles. And this is exactly 
what happens: If the motor has four poles the field will have tu 
advance four times to make one complete revolution aiound 
the motor, and if it is desired that (he field shall make 1,800 
r.p.m., there will be reqmred 4 X 1,800 = 7,200 reversals. 
This is readily recognized as the sixty cycles of the coramercinl 
alternating-current circuit. Conversely, since the r.p.m. of 
the motor roter is nearly that of the magnetic field, if 60-cycle 
current is available and power is wanted at 1,800 r.p.m. or 
thereabouta, a four-pole motor is required. 

From the foregoing it might appear that single-phase alternaU 
ing current for excitation is all that is needed, and for this reason 
Fig8. 0, 7 and 8 are shown. Since Fig. 5 is a direct-current struc- 
ture, the field would progress by jumps and hitches from pole 
to pole around the machine rather than steadily and evenly; 
beoc«, in Fig. 6 the slot between poles Is reduced to the site of 
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an armature slot, of which the necessary number are evenly 
spaced around the machine. Also, for simplicity the field coils 
are shown gathered into one coil per pole. 

In Fig. 6 the step from pole to pole is still rather wide, so that 
in Fig. 7 coils are introduced halfway in between and these are 
excited by a second alternating current which is just as much 
behind the first one in time as it takes the field to travel one-half 
a pole, and such an arrangement of two alternating currents is 
called two-phase. Similarly, if desired, three currents could be 
used, as shown in Fig. 8, and this would represent the well known 
three-phase arrangement. 

From this explanation it must not be gathered that in the case 
of the two-phase there are two rotating fields and three in the 
case of three-phase. This would be true if the two currents or 
three were acting entirely independently, but they are not — they 
are all trying to excite the same iron circuit and the actual re- 
sultant magnetism at any instant is due to the combination. In 
other words, since one current is ahead or behind the others by a 
fraction of a pole, the currents in the different phases have differ- 
ent values at any given instant. In the case of three-phase one 
may be zero, the second be increasing and be equal to one-half 
its maximum value, and the third be decreasing and be actually 
at one-half its maximum value. Since these three currents are 
all acting on the same iron circuit, the magnetic field which 
actually exists at that instant is due to the resultant of the three 
currents. Thus the resulting field looks exactly like the field in 
Fig. 4, which was set up by direct current, and it travels around 
the stator iron just as did the field in the mechanically rotated 
direct-current machine. 

The Counter-Electromotive Force. 

Having considered the manner of setting up the field and 
causing its rotation, there is another action, easily understood, 
which is perhaps as useful as any in giving a clear idea of how 
many turns are required in a motor winding under different 
conditions. This is what is called the generation of the counter- 
electromotive force. Since the coils of the motor are standing 
still and the magnetic field is rotating past them and threading 
through them, there is of necessity a voltage generated in the 
coils by the rotating field. This is the voltage which is referred 
to as counter-electromotive force and is in all cases equal to the 
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voltage of tlio supply line which is applied to the motor, except 
for a small loss in the motor cau»ed by producing the necessnry 
torqtio or driving force. 

with ihie conceptjon and the fundament,al formula for tlm 
gvncration of au electromotive force, it ig a ^mple matter to 
write expresaiona allowing how the turnB in a motor should vary 
Tritb different line vulti^geH and for different speeds, etc. For 
example, a motor to operate oa 440 volts must have twine ob 
moay turns in the coils as the same motor wheu nperatinii: on 220 
volts, ajid a motor operating at 900 r.p,m, in general would 
require twice as many turns as the same motor when operating 
at 1,800 r.p.m. Those are matters with which the designing en- 
gineer is chiefly concei'ned, but they are sufRciently simple to be 
borne in mind at all times, and in themselves offer the readiest 
first-hand answer as to the probable result of operating a given 
motor under changed conditions. 

Having in mind this physical conception of the rotating mag- 
netic field the next step is to be able to draw a picture of this field 
as it woiUd look if it might be arrested in space at any instant 
and photographed. This can be moat easily accomplished by the 
simple graphical method explained below and sometimes called 
"stair-step" pictures. By means of this method the rotating 
magnetic field can be explained and studied and the readiest 
possible answer given to such questions as, Why does reversing 
two leads of a ihrec-'phase motor reverse its direction of Totaiionf 
Why is a phase-wound rotor always three-phase, whether the 
stator is for two-phase or three-phasef Also such questions as 
the effect of chording the coil and changing the number of poles 
are readily analyzed. 

The confidence that will be gained in the understanding of 
induction-motor operation and troubles will well repay the 
amount of study required to master it, and the amount of elec- 
trical knowledge required is not so great as to discourage any- 
one who has even a speaking acquaintance with alternating 
current and its bcliavior. No claim is made that this is a new 
method- This is how it applies, for example, to a three-phase 
problem : 

Method of Building the Magnetic Field from Pictures. 

In each of flie three wires of a three-phase circuit which is 
carrying load is an alternating current which several times a 
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an armature slot, of wtiieli Ihc ncccsaiiry number arc evenly ' 
spaced around the machine. Also, for simplicity the field coils 
are shown gathered into one coil per pole. 

In Fig. 6 tlie step from polo to polo in still rather wide, ao that 
in Fig. 7 coils are introduced halfway in between and these are 
excited by a second alternating current which is just as much 
behind the first one in time as it takes the field to travel one-half 
a pole, and such an arrangement of two alternating currents is 
called two-pbaae. Similarly, if desired, three currents could be 
used, as shown in Fig. 8, and this would represent the well known 
three-phase arrangement. 

From this explanation it must not be gathered that in the cose 
of the two-phase there are two rotating fields and throe in the 
case of tliree-phase. This would be true if the two currents or 
three were acting entirely independently, but they are not — they 
are all trying to excite the same iron circuit and the actual re- 
sultant magnetism at any instant is due to the combination. In 
other words, since one current is ahead or beliind the others by a 
traction of a pole, the currents in the different phases have difler- 
ent values at any given instant. In the case of three-phase one 
may be zero, the second be increasing and be equal to one-half 
its maximum value, and the third be decreasing and be actually 
at one-half its maximum value. Since these three currents are 
all acting on the same iron circuit, the magnetic field which 
actually exists at that instant is due to the resultant of the three 
currents. Thus the resulting field looks exactly like the field in 
Fig. 4, which was set up by direct current, and it travels around 
the etator iron just as did the field in the mechanically rotated 
direct -current machine. 



The Counter-Electromotive Force. 

Having considered the manner of setting up the field and 
causing its rotation, there is another action, easily understood, 
which is perhaps as useful as any in giving a clear idea of ijow 
many turns are required in a motor winding under dtfi'ei'ent 
conditions. This is what is called the generation of the counter- 
electromotive force. Since the coils of the motor are standing 
still and the magnetic field is rotating past them and threading 
through them, there is of necessity a voltage generated in the 
coils by the rotating field. This is the voltage which is referred 
to SB Gouiit«i^Iectroinotiv8 force and is in all cases equal to the 
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vidtAgQ nf tl)o supply line which is applied ha the motor, ejioept 
for a small hus in the raotar caused by producing bh« oeeoesary 
(orquo or tiri%*idg force. 

With this conneplion and ihe fundamental formula (or iJio 
gcticratiun ot An clue I ro motive force, it is a simple matter to 
write expressiotis eliowiEg how tbe turiia in a motor should var>- 
wilJi different line voltage* tvad for dlffcranl speeds, etc. For 
example, a motor to operate on HO volts must have iwioe an 
many turns in the coils as tlie same motor when operatiog on 220 
volts, and a motor operating at 900 r.p.m. in geineral would 
require twice as many turns aa the same motor when operating 
At 1,800 r.p.m. These are matters with which the designini; en- 
gineer is chiefly concerned, but they are aufliciently simple to be 
borne in mind at all times, and in thctnselvcs offer the readiest 
first-hand answer as to the probable result of operating a given 
motor under changed conditions. 

Having in mind this physical conception of the rotating mag- 
netic field the next step is to be able to dra«' a picture of this tield 
as it would look if it might be arrested in space at any instant 
and photographed. This can be most easily accomplished by the 
simple graphical method explained below and sometimes called 
"stair-step" pictures. By means of this method the rotating 
magnetic field can be explained and studied and the readiest 
possible answer given to such questions as, Why does revtrsing 
boo leads of a three-phase motor reverse its direction of rotaiionf 
Why is a •phase-wound rotor always three-phase, whether the 
stalor is for two-phase or three-pkasef Also such questions as 
the effect of chording the coil and changing the number of poles 
are readily analyzed. 

The confidence that will be gained in tbe understanding of 
induction-motor operation and troubles will well repay the 
amount of study required to master it, and the amount of elec- 
trical knowledge required is not so great as to discourage any- 
one who has even a speaking acquaintance with alternating 
current and its behavior. No claim is made that this is a new 
method. This is how it apphes, for example, to a three-phase 
problem : 

Method of Building the Magnetic Field from Picturea. 

In each of the three wires of a three-phase circuit which is 
carrying load is an alternating current which several times a 
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second increases from zero to a maximum value in one direction, 
decreases to zero and increases in the opposite direction to a 
maximum value and again decreases to zero, thus completing 
one "round trip," which is called a "cycle." If a pencil could 
be attached to this current and a piece of paper be drawn under 
it as the current rose and fell, after the manner that indicator 
cards are made on a steam engine, its "card," or curve, would 
have the characteristic shape shown in" Fig. 9. Here it will be 
noticed that the time in fractions of seconds is along the hori- 
zontal line XX and the value of the current in amperes is along 
the vertical line YY, 

All three currents of a three-phase circuit will trace a similar 
card to that in Fig. 9, but they do not all reach a maximum at 




<t^r7e j9lf€maHon> 
—One Cycle 

Fio. 9. — The "indicator card" of a single-phaso altornating current. 
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the same instant nor pass through zero at the same instant, but 
are evenly spaced the same distance apart at all times so that if 
the indicator be connected to all three lines at once, the combined 
card would be that shown in Fig. 10 where A is the card for phase 
1, 5 for phase 2 and C for phase 3. The values above the XX 
line are considered plus and the values below the line negative. 
It is the evenly spaced coils in the alternating-current generator 
winding that keep the current in all three phases of equal value 
and with a constant spacing with regard to each other. 

Assume that each one of the three-phase lines is wound an 
equal number of times around the same iron bar, as in Fig. 12. 
Whenever a coil is placed around iron and current flows in the coil, 
it sets up magnetic lines, or flux, and the iron becomes a magnet. 
It is evident, then, from Fig. 12, that any one of the three coils 
by itself would make a magnet of the iron bar which would have 
its north pole at one end at one instant and a south pole at the 
same end the next instant as the current changed its direction 
according to the curve in Fig. 9. 
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Howevor, wlien aU three coIIb work together on the bar (Fig. 
IS) there ie no magnRtism set up, because &t any instant the cur- 
reat in odc ooil is cqiuil in tunount and opposite in direction to 
the ooTTeDtfi in tho otJier two coilit. This can he seen from Fig. 
10. Take, for instaaeo, tbo time iiinrked by the vortiwil U»e 
1. Ac ibis insrant the ^1 and C phases arc nteasuretl above 




Tm. id, — Sinu navo roEirDiiaatattoii ol tliroc-plmsQ uLiarnotins ininvnt. 



tbv horizontal line .V.Y and hence are positive or plus in valuta and 
are each equal to +0.5, wliile the B phase is mcafiured below the 
A' Uno and hence negative or minus value to —1. Therefore, 
the sum of all three currents is zero because + (0.5 X 2) — 1 = 0. 
At the instant 2, C = 0, A = +OMQ and fi = -0.866 
and the smu of the three currents is zero. At instant 3, A = 
-fl,B = -0.5, and C = -0.5, total = 0; at the instant 4, 
A = -f 0.866, B = and C = -0.866, total = 0; and so on 



>x 


iZ-lSl" 7 


J ^y \ 


\ /! j^ /\ \ \ / y ^ -1 


|--t1v 


^b\X a / \\ \( ^i / 






CZL \/ 



Fio. II. — How tha throo phows combino ti 

at all points the sum of the tliree currents is aero. Therefore 
in Fig. 12 there will be no magnetism in the iron oar, since at all 
times there is an equal number of ampere turns in the coils try- 
ing to force the magnetism in each direction. 

The next step is to reverse one coil, as shown at B in Fig. 13, 
and the bar immediately becomes a strong magnet, reversing 
its poles from instant to instant according to the change in direc- 
tion of the curve D in Fig. 11. Reversing one coil in Fig. 13 is 
the equivalent of reversing the current in one phase of the genera- 
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tor. This is indicated in Fig. 1 1 , in which curve B is shown plotted 
above the line where it is below the line in Fig. 10, and vice versa. 
The sum of the tlirec curves -4, B and C, Fig. 11, gives a resultant 
curve D, which represents the current that will be effective in 
magnetizing the core, Fig. 13. It will be seen that the A and C 
curves in Fig. 11 are the same as in Fig. 10, but the B curve is 
turned over, or reversed, since the B coil is reversed in Fig. 13. 
Curve Dy Fig. 11, is obtained by adding the values of the three 
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Iron bar acted upon by three-phase currents as arranged in Fig. 10. 

No resultant magnetism. 
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Fia. 13. — Iron bar acted upon by three-phase currents as in Fig. 11. Strong 

resultant magnetism alternately north and south. 

currents at any point. For example, at the time marked by- the 
vertical line, 1, -4 = +0.5, C = +0.5 and B = +1, hence D 
= +2. At the time marked by the vertical line 3,-4 = +1, 
B = +0.5 and C = —0.5, hence D = +1. Also at time 4, A 
= + 0.866, B = and C = -0.866, hence Z) = 0. In this 
manner the curve T> is obtained, and it serves as an indicator 
card of the magnetism in the iron bar in Fig. 13. 

Setting up a Magnetic Field with Three-Phase Currents. 

This conception of three-phase coils making a magnet whose 
flux or field varies in value and direction according to the curve 
D in Fig. 11 can be readily transferred to the stator of an induction 
motor, as shown in Fig. 14. Here is shown part of a laminated 
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oore slotted on the inner periph«rf , and in two of these duls ure 
sliown three coils, A , B and C, to oorrospond to the mils in I-'i^. 
13. A^iime ihu Utrni ooilji to bpc(ilini.-(Hvil itiftlur/UMl In aIIitvc- 
phofio circuit. A mii^etio Geld will then flow into the air icap 
and back tdrougli tlie core, as sJiowii l>y tlio curvoti dotted lines 
nod arrowheads. Tliis magnetic field will llow in Iho direciion 
of xXvp. arrovra for a fraction of a. eeoond, thca full to mni, ond in- 
crease lo a maxirautn in the direction opposite to the arrowheads, 
and s«i OD. In other words, the three fotl* working togetltor 
would moke first a north pole and Ihen a eoutii pole on the inner 
pcriptwry, and repeat, and the aiiiDunt and direirtion of the raSt^- 



with three phiIb aimilar to Fig. 13. 




Fin. 15.— The lliroi 



it Fig. 14 dist.rilmloJ a 



netiam in the iron between the two sides of the coil could lie 
inoasured by taking the diHtance from points on the curve Z), 
Fig. 1 1 , from the horizontal reference line and calling all points 
above that line north values and below the line south values. 
I'''or example, at the position marked 1 the magnetic value 
would be a maxhniim north value, at 3 it would be 0.5 north, at 
4 aero, at 5 it would be 0,5 south, and at 7 a maximum south value, 
and 30 on, There would be no tendency, however, for this mag- 
netic field to rotate or travel around the stator as it does in an 
induction motor. It w))uld aimply stand still in space and alter- 
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nate backward and forward through the coil as described. In 
order to get the rotating motion, it will be necessary to separate 
the three coils and put each one in a separate slot, as shown in 
Fig. 15, as they would be in any normal induction motor. 

A section cut through the core and coils, Fig. 15, is shown in 
Fig. 16 with one side of each coil in the bottom of slots 1, 2 and 3 
and marked A, B, C, respectively, and their other sides in the 
top of slots 4, 5 and 6 and marked A', B\ C", respectively. By 
means of Figs. 11 and 16 taken together, it is possible to build up 
small pictures of the magnetic field from instant to instant and 
show how it moves or rotates around in the stator core and air 

) Lamtnafecf-Iron Core S 

limAAAAAAAAAJir 

Fia. IG. — Cross-section of core and winding in Fig. 15. 

gap. These small pictures, of which one series is shown in Fig. 

17 and another in Fig. 18, can be very well compared to the in- 
dividual small pictures on a moving-picture film as they appear 
when the film is at rest, and the rotating magnetic field as it 
really exists could be compared to the same film when in motion 
and thrown on the screen. The method of making these small 
pictures is very simple and is as follows: 

Drawing a Graphical Picture of the Magnetic Field. 

At the top of Fig. 17 is a section through the coils and core. 
Fig. 15, the same as that given in Fig. 16. A current is assiuncd 
to be flowing in each coil, and the value of that current is taken 
from the curve marked with the same letter in Fig. 11. For 
example, at the time represented by the vertical line 1 in Fig. 11, 
curve B is at its maximum value, which is called +1, because 
it is above the horizontal reference line, and curves A and C 
are each at a value of +0.5, since they are half their maximum 
value and are also above the reference line XX, Similarly, at 
the time represented by the vertical line 2, which is called posi- 
tion 2, in Fig. 11, the value of the A and B curves is +0.866 
and the C curve is zero. The value 0.866 is obtained because 
these current curves are all what are known as sine curves and 
the reference points or positions 1, 2, 3, etc., are taken 3^2 of a 
complete cycle apart. 
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A complete cycle is known itc %0 cloctrical deigrees fdmitu- 
lo ihe 3tiO rnvclumical degrees in a cirdi;, oiiil hi-nrv tbn refcTGnoo 
poatiaofi 1, 2, 3, ctc^ irni Ji'j of SW) iloe. or 30 d«g. apart, l-'rom 
s tabic of nnlural etncs Fucli as le found in any iiAndbook, it vtill 
)« found ihat the Einn of 3fl (Ic|c. = 0.5, sbc of 00 ikg. - 0.806, 
sinft of 90 deg. ^ ], sine of 120 deg. - 0.8Mt, <uud of lAO dt«. 
^ O.ii and sbe of ISO di^. ^ 0. Continuing from ISO dcg. to 360 
di%., the eaiQfl vuluce recur with a minus sijta since ilicy an 
mvnsurod below the horizontal refvtcMLx- line. 3u thut it. te 
theee values which are used in plotting tlie fflKiures in Fir. 17, 
and tliF values for different positions are giviii in Uip left-hand 
oolumn in the fiioirc. 

From Fig. IS we have the position of the ciils. And from Vig. 1 1 
we have the value of the c-urnuit in eai.-h coil ae ^ven in thu 
eoliimn on the left of Fig. 17. Then if the values of Ilicso cur- 
rentB are plotted or drawn, the resulting curve iti a measure of 
the mofcnetic field, since such a field depends on the number of 
turns of wire and the current flomng in the coil. It rpmains, 
then, only to draw the small figures or L'urves in Fig. 17 in tlic 
following manner: 

Starting from any arbitrary point at as d, Fig. 17, the line 
moves in direction and amount ac(;or<linE to the value of the cur- 
rent in slot 1. Slot 1 contains the A coil and the value of the 
current is +0.5 as is shown on the left; since the direction of phis 
ia up, the line is drawn upward from d to e and e/ ie drawn hori- 
zontally, representing by its height above d the current in No. 1 
slot and the magnetic field at that point. From / the line goea 
up to g, making /ff twice as long as de because the B coil is in No. 
2 slot and the value of the current in the B coil is +1, or twice 
that in .4, and the line gh is drawn horizontally, representing by 
its height above d the current in slot 1 + slot 2 and therefore 
the magnetic field at that point. From A the line goes up to » 
because the C coil ia in slot 3 and the current in the C coil a^ 
shown at the left at that instant is +0.5. The line ij is drawn 
horizontally, representing by its height above d the combined 
currents in slots 1 plus 2 plus 3 and therefore the magnetic field 
at that point. From j the line drops down to k because the A' 
conductor is in slot 4 and the A' conductor is the other side of tho 
A coil and hence the current in it is in the opposite direction 1o 
that in the A side. By referring to the column at the left of 
the figure, if the current in the A side was considered +0.5, the 
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current in the A' side must be —0.5 and hence the curve drops 
down for a minus value from j to k. Similarly, it drops twice 
as far from I to m, since B = +1 and therefore the other side of 
the B coil or B' must = — 1. Following the curve in this manner 
to n and o, it completes one cycle or one north and south pole. 
The north pole is considered as that part above the horizontal 
reference line and under the line g, h, i, j, k, and I, which is shown 
shaded, and the center of this north pole is indicated by the verti- 
cal arrow. 

In an actual machine the magnetic field would not have such 
sharp corners, but would be smoothed out by the rotor winding 
into a smooth curve practically a sine curve such as the current 
curves in Fig. 11, but for purposes of illustration the "stair-step," 
or square-shouldered curves, may be considered as shown. In 
a similar manner the little stair-step picture may be drawn for 
each position and the center of the north pole marked by an 
arrow pointing up as shown. After drawing seven positions, the 
very interesting fact may be noted that the center of the north 
pole has traveled three slots to the left, which in this case means 
180 electrical degrees, or a half revolution on a two-pole motor 
or a quarter revolution on a four-pole machine. 

Interchanging Two Leads Reverses Direction of Rotation. 

Figure 18 is drawn to show the effect of interchanging the leads 
to the coils A and C, or in other words, the line lead that was 
connected to A is now connected to C and vice versa. For this 
reason in the little sketch at the top of Fig. 18, taken from Fig. 
15, the C coil is now in slot 1 and the A coil is in slot 3, the B 
coil remaining in slot 2 unchanged. The niunerical values of 
the currents are again taken from Fig. 11 just as it stands, because 
it must be remembered that the curves in Fig. 11 represent cur- 
rents in the line and that they depend on the generator and are 
not changed by the change in the motor leads. These assiunp- 
tions give the current values for the different positions, as shown 
in the left-hand column in Fig. 18, and the small stair-step pic- 
tures show the magnetic field in the same manner as in Fig. 17. 
The interesting thing to note is that the center of the north pole 
has now traveled from the center of slot 3 to the center of slot 
6, or the magnetic field has now traveled three slots to the right, 
which discloses the well-known fact that interchanging two leads 
on a three-phase motor will reverse the mechanical direction of 
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ha roUtinD. As a prohli^m Lbc n&der tniKlii aucmpt to produce 
ibc same reaull fur u twu-pliBM! mor^ir uod will fuid, as previously 
pointed out, tiuit tiiu field ptottiut; LxM-umtis u fusdaatUig mmilaJ 
dtvcraioD. 

A comparison of FJ^. 10 imd II shows at once why the 
middle leg of a tbroe-phAse winding is reversed ia all the common 
diugrams that will bo sliown in lhi« book. Figs. 17 twd 18 
Khow how Utc magnetic Itdd may be studied and how teversal 
follows exchange of two leads. 




tit. 18. — Open Fro- 20^P«rUy gloeed Fio. 21.— Pwfly oli»«d 
elots. slots — c«slQr oponicg. slots — sido r>p»nitig. 

Common forms of loduo (ion- motor stalor and rotor slnts. 



After a designing engineer has determined how many turns 
are required in the winding which he is calculating, the largest 
single factor which decides the form or type of windings to be 
used is the mechanical form of the slots; that is, whether they 
are open, Fig. 19, or semiclosed, as in Figs. 20 and 21, and the 
width of the opening if they are semiclosed. The factor of 
next importance is whether the winding is on the rotor or on 
the eta tor. 



CHAPTER III 

TYPES OF WINDINGS 

Effect of Form of Slot. 

The question of open versus semiclosed slots has out-lasted 
many controversies and is still open to argument. It is enough 
to say that, other things being equal, the designing engineer 
favors semiclosed slots. Slots of this type usually give the high- 
est performance and the maximum efficiency in the use of ma- 
terial. The repair man prefers open slots on account of the 
greater accessibiUty of the windings and the consequent ease of 
repair. These factors will always remain somewhat divergent 
and must be adjusted to suit the times and the local conditions. 
The reason why a machine cannot be built with as good a per- 
formance or as economically with open slots in both members is 
that, broadly, its capacity and excellence may be measured by 
the square inches of laminated-iron surface on the rotor periph- 
ery or in the bore of the stator core. Since the slot openings 
subtract directly from tliis useful surface, it is desirable to make 
them as small as possible. If the slot is made wide open, it 
subtracts the maximum amount from this useful working surface, 
hence the core must be made longer axially or the rotor increased 
in diameter to bring back the useful working surface to somewhere 
near the value it would have if entirely inclosed or if semiclosed 
slots were used. This problem is of more interest to the designer 
than to the repair man, but is mentioned to explain the use of a 
mechanical construction that is apparently undesirable from an 
operating standpoint. 

Windings Used in Partly Closed Slots. 

The types of windings adapted to semiclosed slots and most 
generally employed are: 

1. Straight bars with involute end connectors. 

2. Pushed-through coils. In this type the coils are formed in a 
U-shape and pushed through two slots at once in a direction 
parallel to the shaft. After the coil is in place, the separate 
wires are bent around and connected together at the other side 
of the core. 

22 
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8. Hand-wound or threaded coils, In this coustructinn cncli 
ooil is formed in plaoe in the nuichinc itsolf, from u. aint;lB piccu of 
wire, by the proceas of pvssms^ the wire through the IpjirIIi of otic 
skit, bending it around a woodvu fommr to uiitko e, suitable end 
ftod threading it buck through another slot aAd-oriwatinR until 
the coil is complete with the desirtd nilRiWr of turns. When 
completed, it resembles the pualied-through coil, 

4. Fed-in, or dropped-in coils. In this type thcooilisfonned 
complete into ft B0-c«Ued didinond shape anri then the turns are 
fed one at a time through the opening ^ ' 'In slot. 




Fio- 22. — The biira nnd conneotor*. Fio. 24. — Comploieil wiiidiiiK- 

Fia, 23, — PftrtisUy oomplotcd winding. 

Bur and end-i'oimecCar winding. 

The first of these types, bur and end connector, has been widely 
used for both stators and rotors. The bai-s and connectors are 
shown in Fig. 22, and a typical assembled winding in Figs. 23 
and 24. This winding gave excellent satisfaction, the only real 
criticism, from a inochatiieal standpoint, being that it v/aa 
difficult to brace the coil ends mechanically owing to their 
form and relation to other parts. It has been almost aban- 
doned on modem machines for the reason that it limited the 
winding to one conductor or two mmUietrirs per slot, and also 
becftuso modem practice has demuiistnited tliut the uac of 
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single very heavy conduelors givc» rise to additionid OOppcr 
UiR^ett whitih are not present when several HmaUer conductors 
in purulk*! iiro Ubod to carry the stiiiit- curmnt. Exaiiiplca of 
Ihc ditterent metiiods of connecting up sucU windings will be 
giTOQ in a latpr chapter- 

Thii BocoBil tjiie, or puehed-tiirough wtnding, is illustrated in 
Figs. 25 aod 26. It will Iw obgt^rvcd that the labor of beudiiiK 
the coil ends and soldering each turn sopamtely was considor- 
nble. This construction required somewhat more oopper ihan 
the bund-woond typo, but had the advantage that it could bo 
twllcr LnsuUfed. It has praofJcally become obsolete in tliis 
country for induction motors, owing to the difficulty of making 
repairs. 

The third type, or hand-woond, la illustrated in Fig. 27. 
It ri'ciuiriia greater skill than any of the other types shown and 
«oiHewliat more space in the slot than the pushed-tiirough, and 
great care has to be used to avoid skinning the wire in winding. 
It has an advantage over the pushed-through winding in having 
no soldered joint anywhere throughout the entire length of the 
ooiJ. Both the pushed-through and hand-wound types require 
considerably more handwork than other types and are conse- 
quently better fitted for use abroad, where hand labor is cheaper 
than in this country. For this reason these types of windings 
are still very generally used in Europe, but are practically 
superseded by other forms in the United States. 

The fourth type, or fed-in coils, is illustrated in Figs. 28 and 29 
and is used almost universally for the stators of motors up to 13 
and 20 hp., at voltages of 550 and under. It has been widely 
employed as a stator winding in larger capacities, but the present- 
day tendency is to confine its use to smaller ratings and make 
use of open slots on the stator above this classihcalion. It has 
still a considerable field as a rotor winding where the mechanical 
forces acting on the winding make desirable the use of a semi- 
closed slot with overhanging tooth tips which give greater sup- 
port to the coils than is possible with open slots with wedges or 
bands. This type of winding is employed in two forms: First, 
as shown in Fig. 30, the coil for which is shown at A, Fig. 31; and 
second, as shown in Fig. 32, with the corresponding coil nt B, 
Fig. 31. In tlie first of these forms there is but one coil per slot 
and the shape of the ends of the coils is controlled largely by the 
winder as he puts them in place. In the second form there are 
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two coils por itlot, whieb liaw & dcfiaitc and final form before 
being placed in thfi core and which resembla oxaotly, when com- 
pleted, the well-known diuiuoud-^btipc'd cuiIk wound into open 
slots, Th(! fii-st of these forms is suited (o small and the second 




(B) (C) 

Fia. 27. — (A) nand-wuuuil, threndad lype o( wiuJine- 

Fio. 28.— (B) "Fed-ill" typo— ■■mush coll"' or one coil per Blot, 

FlQ. 29. — (C) "PBd-in" type~"diamontI" or two coita per elot, 

Statora witli partly cluaed sIotB. 

to larger machiBes, A modification of the second form makes 
use of a slot shaped as in Pig. 21 and is shown in place in Fig- 33- 
Each coil is completely insulated from ground and inserted in the 
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it, so Uuit it uught bo musidrit^ u a cconbiiutitiiLj 
of tb« oaUst from (WO adi&ceQt open ^ot^ brou^t tofOtlicr a 
eccunelv hdi) \fy iht; ovi'jhanf^ing toolh tip, vhjob leaves ah opt 
ioK large euua^ fur tbe pamnpi of ooc mnipk-lc roil whtio 
windui|[- It is r'ius)<iorc4l one of the mivt sausfoi-tory forms for 
use on the rotatine port of machincx up to tlvc Uirire^t i:«jiadty. 
A nmilar nimiinit hia be4M) made b>' forming the coil of eoc or 
two eLrupe beat trn ooe uiJ only, nx shunti in Fi^. 34, and tUMi' 
l»Ua)[ it, Thi- stTaijtbt siiits of this coil are then pusb«) (.hrough 
two partly clo»*(l dots in an axial dirt^tion, and the two ends 
OH) t<i!nl to tite proper form to connect with other «m1£, as «1h>wii 
in Yi$. 35. TbU niake« a piod mcchanicnl job, but ii rather 
difficuU to reroir owioK to the fact that several strap* must be 
fitruehtcnt^d out to upi nt the 'J.inia|i:rd cuQ. 

Windines Ds«d in Open Slots. 

With open slotf , as illustxated in F^. 19, the most popularj 
and widely used form of winding is that shown in Figs. 36 and S&jM 
for which the coil is shown in Fig. 37. This is the well-know 
diiunond coil, so-called from itf shape, and is entirely formed and 
insulated before placing in the slots. It is alao the simplest and 
easiest coil to wind and is used by dedgneis wherever the condi- 
tions permit. The greater number of typical connection dia- 
grams shown in this book have reference to windings of this 
general type, since they lend themselves so readily to changes 
of arrangement and various reconnections. 

Thera ha\-e been many other modifications of coils or winding? 
employed with both open and closed slots in making special 
machines or where imusual conditions justified their use. but tlw 
fonns described cover the great majority of machines found in 
use today. 

Master Diagrams for Polar Grouped Windings. 

In discussing windinps, frequent reference is made to the usual 
forms of connection. For this reason much space in this and tlic 
folloning chapters is devoted to illustrations of the typical forms 
of diagrams that are employed by all manufacturers in connecting 
induction motors. A passing consideration will indicate that 
there would have to be an indefinitely large number of these 
diagrams to cover all possible combinations. For example, 
machtnes are usually connected either two-phase or three-phase. 
The three-phase machines may he either Y (star) or A (delta), 
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Boy wimting may t» in series or tvo gmups in fioraUel, a sts- 
|Mi]« tuiwhiue inn)- be (Iirvc pimUlob or »\x ytirj.W<-it or ii ttui-pulc 
mavlimo may be five poraUcb or Lcn [nriUlcIs, etc. With these 
firodAinenlal iJtimi^ii.t atone, if s|iot:ib from tivii polia to foutlticn 
ptdoE ure coDsideretl, Uiere atu 81 disgrams of uonnccHons re- 
gained. Ttii»6 diagrams urc aliown in Chaptw XIII. TIicii 
(oUovn tliQ fuc-t that any one of these St diagrams inuy he used 
on a core having an indefinite niunlwr of differeni filoia 6U(rh as 
34, StI, 60, 72, 9(>, cU-., so it bccunics evident thnt it wuulit require 
a book of cooaderabk prnportions to include even the usual 
vorahuuiUons i'nooun(cn;d in ordinary commercial machin<:«. 
Fortunntcly a simple e>'atem has been developed, and will be 
explained later, by which the number of slots can be eliminalBd 
fnini cnnEidcmlJDiL in the group connections, since it affects only 
(he number of coib that are coniiocted togetheJ to form !i polc- 
pliase group aod does not affect liie connection o£ the ends (rf 
this pole-pbase group to neighboring groups. Aft stated earlier 
in the chapter windings are tiivided, in general, into two classes 
with reference to whether they axe used in partly closed slots or in 
open slots. The partly closed slot windings are again divided 
into four classes : (I) Bar and involute-end connector, (2) pushed- 
ihroughj (3) hand-wound arid (4) fed-in, or dropf)ed-in- 

So far as the polar connectioi^ are concerned, the bar and in- 
volute-end-eonnector windings may be handled in the same 
manner as a formed-diamond-coil winding used in open slots, 
since the bar may be considered as the straight portion of the 
coil and the involute connector as its diamond-shaped end. This 
would mean that these windings could be connected up into pole- 
phn.se groups and these groups in turn cross-connected according 
to any of tlie standard group connections in common use, of 
which a number will be shown in Chapter XIII. 

"Wave" or "Progressive" Diagrams. 

In addition to such connections, tbis type of winding has been 
often used as a wave or seriea-drcuit winding such as ia commonly 
employed in direct-current armatures. Windings of ttiia type 
ore illustrated in Figs. 39 and 40. It, will be seen at once that a 
desirable feature of such a winding is its simplicity iind compact- 
ness and comparalivo freedom from group cross connections. 
These connections are limited to the connections for the star 
or the comers of the delta, the leads, and one series connection in 
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Tia. 40. — Typical " 
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the middle of each phnae. When compared with the masa nt 
cross cDonections for thu simplest fonnof polojihasc group nindioK, 
tbo ttdvfiiitage is appiirent. It; will be noticed that the wiodings' 
shown in Figs. 30 and 40 are perfectly symmcirical and Imtanced 
at nil points, the number of slots being an mact multiple of tho 
niimlxtrof pftfi^cs times tlic number of pol«8; this is (rue in practi- 
cally all cases for this typo of winding. 

Standard D. C. Form of Wave Winding Adapted to A. C. 

An inlvreslio); variation frotu the fort^oiog type iaillustralod 
in I-'ig. 41 and \& typical of a method of connection iJiat has been 




Fw. ■II.— 8pu( 



widely employed, particularly on the rotora of motors of the 
phaee-woimd type. Here it will be seen that the number of 
slots, 62, is not an even multiple of 18 (3 X 6, phases times poles), 
but foliowa the same law as a direct-currenl, series or wave, 
armature winding; namely, the number of elola +1 divided by 
the number of pairs of poles must equal an integer, and this 
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integer divided by 2 is equal to the proper pitch, or throw, of 
the connector. In the case shown in Fig. 41, 

Number of slots ± 1 __ 62 ± 1 _ o^ 
Pairs of poles 3 

The proper pitch of the coil is 21 -r- 2 = 10.5 slots; that is, the 
throw should be 10.5. Since this is not physically possible, 
the throw is made 10 slots or 1 to 11 on one end, and 11 slots 
or 1 to 12 on the other end, giving an average of 10.5. 

Assume that a bar in the bottom of the slot 1 is connected 
by the connector on the back of the core to the bar in the top 
of slot 12, and that the front end of the bar in slot 12 is in turn 
connected on the front end of the core to the bar in the bottom 
of slot 22 and this again on the back end to the bar in the top of 
slot 33. Tracing the winding through in this manner, after one 
complete circuit has been made around the core it will be found 
to connect to the bottom bar in slot 2 and for the second round to 
the bottom bar in slot 3 and so on, until finally, when all the 
slots are traced through both top and bottom, the last throw 
will close the winding on itself by connecting to the front end of 
the bottom bar of slot 1. This can be proved easily by setting 
down a table of numbers 1-12, 12-22, 22-^3, 33-43, 43-54, 54- 
2, 2-13, etc., representing the path of the winding around the 
core as described until each niunber has appeared two times, 
or until 2 X 62 = 124 bars have been passed through. This 
would then give a completely closed winding, and if the middle 
point of each end connector were attached to a bar on a suitable 
commutator, it would represent exactly a direct-current series 
armature winding. 

To employ this winding on alternating current, the proper 
phase leads must be brought out, and this can be accomplished 
in several ways. One method of doing this would be to leave the 
winding closed and bring out three-phase taps 120 deg. apart, 
as shown in Fig. 42, or four taps, as in Fig. 43. The first 
would give three-phase and the second two-phase. A second 
method is to open the winding at three proper places and use 
these three pieces to form the usual star or delta connection. 
This is indicated in Fig. 44. It must not be assumed that the 
winding is actually interrupted at the points A, B and C since 
each portion of the winding between these points actually runs 
completely around the core several times. This can be readily 
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(rrasped if the tabic u Kt down in the forccoms is seporaied into 
ihm p&tu, each pan having one-third of the total bars in it, 
gr — s — = ■ilVj; e&y 40 bare in ooe eeelioa and 42 bare in the 

other two. The slight unbalanctng 90 enused is, in this case, of 
no conac<iuencc. 

It is avrxteaty to Veep an cvpr nunib«r of Itan in each welion 
fur the rvasim thai the cannodioDs ub all on uni3 mid of the cure 
und on vdd numlicr of bats in any srcuoti vnHiIrl uicuii eudiDR 
ihat s(K-Uon on th« buck end of the core. Or, in other words, 
in tracing ihri>ugh ihc vtinding on the odd'OUmhcnsl bar* one ia 
always gf)iag fnmi the front Ifi (tie back and on thi; et-uo-nnnf 
bered bars alwa^'B roming fmin the tiack to the front, henre to 
end on tlic front an even cuHihcr of bars luuat have been puswd 
throQgh. 

In lite connection shown in Fig. 41 a siili different method is 
adapted by separating the winding inio s\x sections, four of which 
have 20 bars in them and two have 22 bars each. These mx 
sections are connected in pairs in series and the three pairs con- 
nected in series star to form a three-phase winding. The reason 
for this is a more efficient use of Ihe cojiper than either of the 
two pieceding methods. This foUows from the fundamental 
idea brought out in the first chapter that every induction motor 
is at the same time an alternating-current generator, due to tlic 
fact that the stationary windings are cut by the rotating field. 
Tlie output of an alternatinK-current generator is measured 
by the product of the volts times the amperes. In Fig. 41 the 
copper will carry a certain maximum current. It then follows 
that to get the most out of it as an alternating-current generator, 
the winings must be made to generate the maximum practicable 
voltage, and this is the result accomphshed by the connection in 
Fig. 41. 

Voltage Relation of Individual Coils in This Winding. 

In the complete closed winding, Fig. 41, each coil is generat- 
ing a araall voltage which is slightly out of phase with all its 
neighbors. The situation Cim be described as a polygon haviug 
02 equal sides, each side representing the voltage of a single coil. 
Obvicmsly, the maximum voltage would be obtained if we roukl 
roll out this polygon into a straight line and use one-third of its 
length for each of the three phases. This cannot be done in 
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practicei but it can be approached as shown in Fig. 45. Here 
the circle represents the 62H9ided polygon just mentioned. By 
dividing the winding into six pieces, the effective voltage of each 
piece is reduced to the equivalent of one ide of a hexagon. By 
putting the opposite side of the hexagon in series and then the 
three pairs in series star, the winding is made to develop almost 
the maximum voltage. A slight gain could still be made in 
the same way by dividing the winding in 12 pieces and using 
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Fig. 47. 



Figs. 42, 43, 44, 45, 46 and 47. — Manner of connecting and bringing out leads 

of the winding in Fig. 41. 

these 6 pairs as a six-phase winding, but this is too complicated 
for ordinary use. 

The connection shown in Fig. 41 is obtained practically by 
setting down a table, as previously stated, including all the bars 
and then dividing it into 6 pieces as nearly equal as possible^ 
keeping an even number of bars in each. In this case sections 
1, 2, 3 and 4 have 20 bars and 5 and 6, 22 bars each. Section 
1 is then connected with 4 for phase A^ section 2 with 5 for phase 
Bf and section 3 with 6 for phase C. The proper ends of these 
connectors for star and the leads can be determined from Figs. 
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4(1 and 47, the numb«riQg od which correapotKis to th&t oa 
fig. 41. A little pnclico in this ivsy will 5Uggut how difforcnt 
three-phoao coiuicrtioaE ooiild be oiAdc fur star or ddta or series 
or paialUil to accQOuuetdiiie different vullogos »nd how com- 
fpODdtn^c two-pbnee or even ^-phue coonectlon, oould be ob- 
tained. 

Coaceotric-Coil Windings. 

lu the pusbM-ihniugh type of windlog, previouiily described, 
thd coil is foHDvd in the ishnpc of a U luid the two branches are 
simultaneously pushed through the proper Aata in the oore, iif ler 
which ibc ends an: hoot lowftrd tach otjicr and the individual 
cooductura ounnectcd in series. In ihe hand<wouud tj-pe a »ni;le 
loDg wire is threaded around Mid bnck thruuijh two slots aaiU 
tho complete coil is formed, llie completed coil is practically 
identical in the two types, and the completed winding takes tho 
farm shown in Figs. 48 to 53 inclusive. Figure 49 is typical 
of a two-phase arrangemeDt. The coils ore concentric and there 
are two shown per group, but in practice oa induction motors 
as high as five or even six have been used. The coils that are 
innde on one end of the core are out,side on the other end, thus 
iosTiring symmetry and equal resistance in the two phases. Figure 
48 shows a crosa-section of the core and coils on the line XX and 
indicates the relative position of the two banks of coil ends. 

Figure 51 shows a three-phase winding similar to the two-phase 
Fig. 49 except that only one coil per group is shown; however, 
there might be four or more concentric coils per group, as in the 
two-phase. It will be noticed at once from this figure and Fig. 
50 that the winding is not so simple as the two-phase. Owing 
to the passing of the coils at the ends of Ihe core, three banks, 
or tiers, are necessary instead of two, and the coil ends are cor- 
respondingly longer. It will be noticed that the A phase oc- 
cupies the middle tier all the way through and the B and C 
phases are alternately in the inside and outside tiers. In this 
manner the resistance is kept nearly equal in the three phases. 

In order to be able to wind the three-phase with a two-bank 
winding similar to the two-phase, the scheme sliown in Pig. 53 
is employed. It can be seen that there are the same number of 
slots as in Kg. 61 and that both are three-phaae, four-pole, 
8eriea-«tar windings. However, Fig. 53 has only two tiers at 
the ends and iias two coils per group instead of one, but only two 
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Rtoaps |ier phase ioatead oTfour. This is what in citUcd a "con- 
vc^jucnt-pulc winding," because the currant posses in the samo 
dirmtion throu;^ all the coib foniiing, for cxuitplp, Ivio north 
poles in each phnec Since thm« i-annot be n north jiole with- 
out a eomsponding rquiIi pole, the mitEDcliHin returns between 
the groups in each phase, thus forming ibe two smith polits, nr 
four in all. This winding is simpler to innko thno Fig. 51, 
mochAnicnll)', but has somu slight electrical dtRadvunUiKes. 
Figaro 62 is a ecctiou ihmugb the core and winding on thu lino 
ZZ and indicates the relative positions of the two banks of coils. 
Rmurangement of C<Hicentric-CoiI Windings. 

It irill be a^nn thftl ihcnc coDceniric-eftil windings do not lend 
themselves rcodilj to rearmngemeni or reeonneelion for diffurvnt 
polea or phasi*^, and I his is one reason why they have craduaDy 
faDcn into disuse. Two-pha*e windings such as Fig. -JO can 
fiometimes be connected io "T" and run on three-phase, and 
mention of this will be made in a later chapter. Also, a eompari- 
son of Figs. -19 and 53 indicates that the winding in Fig, 49 
might be connected for three-phase 8 poles by a conaequent-pole 
connection similar to Fig. 53, since the total number of groups, 
bang twelve, is half of 3 X 8, and this lines up with Fig. 53, 
where the total number of groups is 6, or half of 3 X 4. 

Where the coils are of the closed tj-pe similar to "diamond" 
coils used in open slots, they may be grouped and connected 
by the usual diagrams for that type, which will be discussed 
tmder open-«lot nnndings. There is, however, a large class 
using one- or two-turn coils of the open end, or "wave," type 
which form very interesting windings, two of which are shown in 
Figs. 39 and 40. This type of winding is believed today to be the 
form best adapted to the rotating member of phase-wound 
motors up to the largest sizes. Since they are perfectly sym- 
metrical, they can be equally well employed in the stator, whore 
the design permits a number of conductors not exceeding four per 
slot. These diagrams are practically self-explanatory, but 
their great utility and wide employment merits a brief comment. 
They are typical three-phase diagrams connected both star and 
delta. Three-phase is chosen as it is suitable for either stator 
or rotor and is oftencst met with. Figure 39 shows a four-pole 
series-delta winding, but it may be equally well connected paral- 
Ittl-fltar, The winding, Fig. 39, has four conductors per slot. 
In Pig. 40 ia an eight-pole series-star connection where the two 
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wires in the top of the slot are connected in parallel, also the two 
in the bottom of the slot, to form one conductor, or a total of 
two conductors per slot. 

Wave Windings. 

In these windings it is of interest to note that the number of 
cross-connections is a minimum, being reduced to the star or 
delta connection, the leads and one short connection in the middle 
of each phase. Such conditions are ideal for a rotor, and when 
the coils are placed in a slot with the tip overhung from one side, 
the winding forms one of the best mechanical jobs for a rotor that 
is known at the present time. 

Passing to Open-Slot Windings. 

It is the object of the rest of this chapter to explain the 
method of connecting up these windings with sufficient examples 
to make it possible to lay out such a diagram when one is not 
immediately available. It should be borne in mind that such dia- 
grams can also be used with partly closed slot windings when they 
are of the same form as "diamond coils." Such for example 
are the so-called "fed-in" or "dropped-in" coils, which are really 
"diamond" coils except that they are placed in partly closed 
slots, one wire at a time, through the small opening at the top 
of the slot. Such also are the strap coils referred to earlier, where 
the slot is half open and the tooth tip overhangs from one side. 
While there are four separate coils in such a slot, each coil is 
insulated from ground and for purposes of connecting up may be 
considered the equivalent of an open-slot winding laid in twice 
the number of slots. Such a winding is shown in Figs. 21 and 
33. Bar-and-end connector windings when of the "lap" and 
not the "wave" type are also connected in the same manner. 

Standard "Lap" Winding. 

A completely developed picture of an open-slot winding is 
shown in Figs. 54 and 55. The straight radial lines are shown 
in pairs. These radial lines represent the straight parts of the 
"diamond" coils. The shorter line of each pair represents the 
side of the coil Ijdng in the bottom of the slot and the longer line 
the side of the coil in the top of the slot. Taking Fig. 64, for 
example, before any cross-connecting was done there were 24 
separate coils with the beginning and ending of each coil project- 
ing at the end of the winding as shown in Fig. 56, which is the 
winding represented in Fig. 54 in place in the stator except laid 
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out flat. Since it is to be connected for three-phase four poles, 
there is a total of 3 X 4 = 12 pole-phafle groups required and 
this results in 24 •^ 12 = 2 coils per group. The first step, 
therefore, is to connect the coils in pairs, each pair forming a 
pole-phaae group, as in Fig. 57. These coil-to-coil connections, 




Flo. 68. — Completed windinE Bame as Figs. £4 imd 55. 

or stubs, are shown at the group numbers. The resulting 12 
pole-phase groups are then cross-connected to fonn the completed 
winding as in Figs. 54 and 58. 

A comparison of Fig. 54 with Fig. 55 shows that the crofls- 
connections or pole-phase-group connections are identical, the 
only difference between the two being that Fig. 56 has 36 coils 
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total msleail of 34 uid benoe there on three ooib m each pok- 
phue group insiMd uf tmx The coila Aema ia hany Untn, 
¥if,. 35, rcpTCseot tlie cuHs iiavioa; heavier insulaUda, when! the 
phans duuRe beiireeD adjacent oaile and will be referred to ' 
a Ittter t--Usplcr, A coQsdfTntiunor thcseStURBle&dsat ooce to i 
twu cundonnos: First, that sudi a fnnn of diagmm u F^ M 
and 56 is coturiy too c<Hnp[tcat<»l for (uc by the ivenge winder 
snd a diflerain like Ih&t in Fie- o8 rcquinw too much tiine (o 
make and it ihcrvtan lixi cxpensiTe. 8«'ODd, sinoe the actunl 
rnvw mnnrfrinnn theQudves arc not iLffeclnl )•>' tlio nuiTibi? of 
individual coiUt in the pole-pUose emup, the entire pii^turc ^owd 
in Figs. 54 to 58 may be rcplnrcd l>y the simple diBKnui) Khowo 
tn Fig- SO- The ^pinU lines representing the polc-pbaw groups, 
which arc numbcrcd to rom^pond wilh Figs. &i, 57 and 5S, 
ran be laiagincd as being Ihu coils which fomi thu pcilcphaio 
groups. It if obvious that there might be any Dumber of i-oils 
conn«oled in eerice to form the groups. If, for example, tJ»o 
complete machine instead uf having 24 or 36 slots had 48, 60, 72 
or 96 elots, the cross-connections of the groups io any case would 
bo a£ shown in Fig. 59. A diagram of this t>"pe is therefore always 
used for such windings, since it can be used for any three-phnso 
four-pole machine independently of the number of slots in a 
particular machine. 

Schematic Diagram. 

Attention is called to the small "Y" diagram in the center of 
Figs. 54 and 55 which is also reproduced in Fig. 59. It baa 
no electrical connection with, but is the "schematic equivalent" 
of, the rest of the diagram. It is the designing engineer's 
imaginary conception of the cross-connections reduced to their 
simplest terms. By comparing the numbers of the groups on 
this small diagram with the corresponding numbers on tlie larger 
diagram, it will be seen that each pole-phase group is shown in 
its proper jihase and with the proper direction of its ends toward 
the lead or toward the star connection. The arrows shown on 
the larger diagram, Fig. 59, and also on the small schematic 
equivalent represent a simple and positive check as to whether 
the connections to the different groups are correct. 

Cbeck for Connecting Proper Ends of Phases to Star Point 

There is a danger in a three-phase winding that the three 
pbaae6 may be connected in a 60-deg. relation instead of a 120- 
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deg. relation^ or as it might be expressed on the diagram, Fig. 59, 
there is danger that the wrong end of the B phase, for example, 
may be connected to the star point. As a check against this 
each phase is traced through, starting from the lead or terminal 
and proceeding to the common, or "star," point at the center 
of the winding. As the successive groups are passed through, 
an arrow is placed on each as shown, indicating in which direc- 
tion that group was passed through. When all three phases 
have been traced through and the arrows on the groups are in- 
spected, the diagram is correct if the arrows on adjacent groups 



ACB 




Fia. 59. — Schematic, four-pole, series star diagram exact equivalent of pictured 

winding in Figs. 54, 55 and 58. 

reverse; that is, if they are alternately clockwise and coimter- 
clockwise in passing aroimd the winding. This check should 
be studied over and thoroughly mastered, as it is the one check 
that the author has found in 15 years of practical experience 
is always reliable and easily applied. The only exception to this 
check is the case of consequent-pole machines, to be described 
in another chapter, but these are so special and so infrequently 
met with that they may be practically put out of the consider- 
ation and the check be regarded as almost universal. 

It is the common practice of all manufacturers to send out 
machines that can readily be connected for either one or two 
voltages. This is accomplished by a series or parallel arrange- 
ment and can be understood by comparing Figs. 59 and 60. 
By looking at the small "equivalent" diagram in the center, it 
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will be seen that then an tviitf ns many (croups io xries between 
ibe tcrmiiial leads in Fig. SO as there are to I^g. SO. ThB 
menus liuit if Fif:- W i^ pri>[>er for -MO vulU, Fi^- 60 would be 
right for 2S0 Tolt5. The idea wu ^rt-a in on earlier ohapter 
that one function of the wiodinf: wu to pioenite the counter- 
cIcctniOHittn? fuire. It ciui be scvn at anco that if the coils 
S3 ronoe^cted in F>j(. £9 are gtatRraliof; 440 volls, tiiey will (tl>- 
vious))- Ettiorate ooly luUf ivc luany, or 220 voIt«, conncctml as 
in I'ig. 00. As anodicr considnrstion, it i& aeen that if tlie 
inolor haa the same ]iot«cpowi>r at both vollagin, it will httw 




Fio. 61. — Showliis Una dl&gram* of 
Eles. S9 and 60 reooaDected lo four 
Mar. pnrklle! ttar. 

twice the number of full-load amperes at 220 na it has at 440 
volts. This is properly taken care of, as will be seen from Fig. 
GO, .since the winding being doubled has twice the copper ctosb- 
section in Fig. 60 that it had in Fig. 59. 

If the numlxir of polos in the machine is divisible by ■! n», 
for example, 4, 8, 12, 16, etc., the winding may be put in 4 paral- 
lels fta shown in Fig. 61 and by comparison with Figs, 59 and 
60 would be good for 110 volts at the same horsepower. The 
inereased current at 1 10 volte is again taken care of by providing 
4 times the copper section, na shown. This same principle can 
be extended, and when the number of poles for which the machine 
is wound can Ijo divided by 0, it is possible to have the winding 
connected for 3 parallels or G parallels, as shown in Figs. 62 
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integer divided by 2 is equal to the proper pitch, or throw, of 
the connector. In the case shown in Fig. 41, 

Num ber of slots ± 1 _ 62 ± 1 _ 9^ 
Pairs of poles 3 

The proper pitch of the coil is 21 -^ 2 = 10.5 slots; that is, the 
throw should be 10.5. Since this is not physically possible, 
the throw is made 10 slots or 1 to 11 on one end, and 11 slots 
or 1 to 12 on the other end, giving an average of 10.5. 

Assume that a bar in the bottom of the slot 1 is connected 
by the connector on the back of the core to the bar in the top 
of slot 12, and that the front end of the bar in slot 12 is in turn 
connected on the front end of the core to the bar in the bottom 
of slot 22 and this again on the back end to the bar in the top of 
slot 33. Tracing the winding through in this manner, after one 
complete circuit has been made around the core it will be found 
to connect to the bottom bar in slot 2 and for the second round to 
the bottom bar in slot 3 and so on, until finally, when all the 
slots are traced through both top and bottom, the last throw 
will close the winding on itself by connecting to the front end of 
the bottom bar of slot 1. This can be proved easily by setting 
down a table of numbers 1-12, 12-22, 22-33, 33-43, 43-54, 54- 
2, 2-13, etc., representing the path of the winding around the 
core as described until each number has appeared two times, 
or until 2 X 62 = 124 bars have been passed through. This 
would then give a completely closed winding, and if the middle 
point of each end connector were attached to a bar on a suitable 
commutator, it would represent exactly a direct-current series 
armature winding. 

To employ this winding on alternating current, the proper 
phase leads must be brought out, and this can be accomplished 
in several ways. One method of doing this would be to leave the 
winding closed and bring out three-phase taps 120 deg. apart, 
as shown in Fig. 42, or four taps, as in Fig. 43. The first 
would give three-phase and the second two-phase. A second 
method is to open the winding at three proper places and use 
these three pieces to form the usual star or delta connection. 
This is indicated in Fig. 44. It must not be assumed that the 
winding is actually interrupted at the points A, B and C since 
each portion of the winding between these points actually runs 
completely around the core several times. This can be readily 
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grasped if the tabic as set down in the foregoing in separated iato 
lliroe parts, each pnrt hftvu)|{ one-third of tbu totul bare in it, 

or — s — = 41>^; aay -10 bara in one section and 42 Itars in the 

other two. Tlie sligbt unbalancing bo cnuaed is, in this case, of 
no coasequencp. 

It is npcossary to keep an even number of bars in each section 
for the reason that the connections are all on one end of iJie core 
and an odd number of burg in any section would mean ending 
that section on the back end of the core. Or, in other words, 
in trjiciug thmunh the winding on the ofld-nunilicred bars ona is 
always going from the front to the back and on the Bven-num- 
bcred I>ar3 always coming from the back k> the front, hence to 
end on the front an even number of barn must have been passed 
through. 

In the connection shown in Fig. 4 1 a still different method is 
adopted by separating the winding into six sections, four of which 
have 20 bars in them and two have 22 bars each. These six 
sections are connected in pairs in series and the three pairs con- 
nected in series star to form a three-phase winding. The reason 
for tltis is a more efficient use of the copper than either of the 
two precei^ng methods. Tliis follows from the fundamental 
idea brought out in the first chapter that every induction motor 
is at the same time an alternating-current generator, due to the 
fact that the stationary windings are cut by the rotating field. 
The output of an alternating-current generator is measured 
by the product of the volts times the amperes. In Fig. 41 the 
copper will carry a certain maximum current. It then follows 
that to get the most out of it as an alternating- current generator, 
the windings must be made to generate the maximum practicable 
voltage, and this is the result accompUshed by the connection in 
Fig. 41. 



Voltage Relation of Individual Coils in This Winding. 

In the complete closed winding, Fig. 41, each coil is generat- 
ing a small voltage which is shghtly out of phase with all its 
neighbors, The situation can be described as a polygon having 
G2 equal sides, each side representing the voltage of a single coil. 
Obviously, the maximum voltage would be obtained if we could 
roll out this jjolygon into a straight line and use one-third of its 
length tor each of the throe phases. This cannot be done in 



36 



CONNECTING INDUCTION MOTORS 



practicCi but it can be approached as shown in Fig. 45. Here 
the circle represents the 62H3ided polygon just mentioned. By 
dividing the winding into six pieces, the effective voltage of each 
piece is reduced to the equivalent of one ide of a hexagon. By 
putting the opposite side of the hexagon in series and then the 
three pairs in series star, the winding is made to develop almost 
the maximum voltage. A slight gain could still be made in 
the same way by dividing the winding in 12 pieces and using 
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Fig. 45. 

FiOB. 42, 43, 44, 45, 46 and 47. — Manner of connecting and bringing out leads 

of the winding in Fig. 41. 

these 6 pairs as a six-phase winding, but this is too complicated 
for ordinary use. 

The connection shown in Fig. 41 is obtained practically by 
setting down a table, as previously stated, including all the bars 
and then dividing it into 6 pieces as nearly equal as possible, 
keeping an even number of bars in each. In this case sections 
1, 2, 3 and 4 have 20 bars and 5 and 6, 22 bars each. Section 
1 is then connected with 4 for phase A, section 2 with 5 for phase 
B, and section 3 with 6 for phase C. The proper ends of these 
connectors for star and the leads can be determined from Figs. 
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46 and 47, Lbe Dumbering oa which Gorresponds to that nc 
Fig. 41. A lilUc practice in this ivny will 9(iK|R»t liow dilTorcnt 
three-phase conncctiooe could be made (or star or delta or series 
nr p&ralicl to accommodalc difTcrcnC voltAgcii and liow corre- 
spfindtog twD-pbiu<c or even ax-pbase ooDiteotioD, could be ob- 
tained. 

Concentric-CotI Windings. 

In the puHh«d-iJirougli tjix; of winding, previously described, 
tho coil i^ foniicd in the sliape of a U and the two branches are 
simultaneously puahed through the proper slots is the nore, aftor 
wlijcli the ends urt.' bent lowurd each other and tho individual 
conductors connected in series. In the hand-wound type a single 
long wiro is threaded around and back throui^li two sIotB until 
the complete coil is formed. The completed coil is practically 
identical in the two types, and tlie completed winding takes the 
form shown in Figs. 48 to 53 inclusive. Figure 49 is typical 
of a two-phase arrangement. The coils are concentric and tliere 
are two shown per group, but in practice on induction motors 
as high as five or even six have been used. The coils that are 
inside on one end of the core are outside on the other end, thus 
insuring symmetry and equal resistance in the two phases. Figure 
48 ahowa a cross-section of the core and coils on the line XX and 
indicates the relative position of the two baidts of coil ends. 

Figure 51 shows a three-phase winding similar to the two-phase 
Fig. 49 except that only one coU per group is shown; however, 
there might be four or more concentric coils per group, as in the 
two-phase. It will be noticed at once from this figure and Fig. 
50 that the winding is not so simple as the two-phase. Owing 
to the passing of the coils at the ends of the core, three banks, 
or tiers, are necessary instead of two, and the coil ends are cor- 
respondingly longer. It will be noticed that the A phase oc- 
cupies the middle tier all the way through and the B and C 
phases are alternately in the inside and outside tiers. In this 
manner the resistance is kept nearly equal in the three phases. 

In order to be able to wind the three-phase with a two-bank 
winding similar to the two-phase, the scheme shown in Fig. 63 
is employed. It can be seen that there are the same number of 
slots as in Fig. 51 and that both are three-phase, four-pole, 
series-star windings. However, Fig. 53 has only two tiers at 
the ends and has two coils per group instead of one, but only two 
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groups per pltoMts iiLsleud ol four. Thi« is wluit is aJlod a "con- 
wquenL-polc winding," because Ibc cumsnt payees in the samo 
dirccLiiin iJtmUgh all tti« ctfils fonniRi;, fur cxiitnplc, Iven Dnrth 
poles in each pboee. Sirn-e ihere rutiuot bu u north ptitu willi- 
out u (NinrHpondioic ^ulh poli;, tliv □mgnctism rvturns bctwwin 
the groups in aach phase, thue forming the two souih polos, or 
four in atl. This winding h itiinplcr to make tJinn Fig. ^l, 
m^duauaiXiy, but has some slight electrical disad vantages. 
I^t^ire 52 is a secUtia through Uic core and windinii on the hue 
ZZ and indicates the relative positions of the tvo banks of coQa. 
Rearraneemeni of CoiKentric-Coil Windings. 

It Tvill lie seea that these cuDocntriL'-t^^il windings do oat tend 
thcinsi'Jves readily 1o rearrangement or rcoonncction for dilTorviit 
poli:« or plui«es, and tins is one reason why they have gradually 
fallen into disuse. Two-phase windings Euch as Fig. 49 can 
MMiMitimes be connected in '"T" and run on three-phase, and 
mention of this will be made in a later chapter. Also, a compari- 
son of Figs. 49 and 6.3 indicates that the winding in Fig. -19 
might be connected for three-phase 8 poles by a consequent-pole 
connection similar to Fig. 53, since the total number of groups, 
being twelve, is half of 3 X 8, and this hnes up with Fig. 53, 
where the total number of groups is 6, or half of 3 X 4, 

Where the coils are of the closed type similar to "diamond" 
coils used in open slots, t-hey may be grouped and connected 
by the usual diagrams for that tjTte, wiiich will be discussed 
under open-slot windings. There is, however, a large class 
usitxg one- or two-turn coils of the open end, or "wave," type 
which form very interesting windings, two of which are shown in 
Figs. 39 and 40. This type of winding is believed today to be the 
form best adapted to the rotating member of phase-wound 
motors up to the largest sizes. Since they are perfectly sj'ra- 
motrical, they can be equally well employed in the stator, where 
the design permits a number of conductors not exceeding four per 
slot. These diagrams are practically self-explanatory, but 
their great utiUty and wide employment merits a brief comment. 
They are typical three-phase diagrams connected both star and 
delta. Three-phase is chosen as it is suitable for cither stator 
or rotor and ia oflenest met with. Figure 39 shows a four-pole 
serics-delta winding, but it may be equally well connected parai- 
lel-etar. The winding, Fig. 30, has four conductors per slot, 
lo Fig. 40 is OD eight-pole series-star connection where the two 
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wires in the top of the slot are connected in parallel, also the two 
in the bottom of the slot, to form one conductor, or a total of 
two conductors per slot. 

Wave Windings. 

In these windings it is of interest to note that the number of 
cross-connections is a minimum, being reduced to the star or 
delta connection, the leads and one short connection in the middle 
of each phase. Such conditions are ideal for a rotor, and when 
the coils are placed in a slot with the tip overhung from one side, 
the winding forms one of the best mechanical jobs for a rotor that 
is known at the present time. 

Passing to Open-Slot Windings. 

It is the object of the rest of this chapter to explain the 
method of connecting up these windings with sufficient examples 
to make it possible to lay out such a diagram when one is not 
immediately available. It should be borne in mind that such dia- 
grams can also be used with partly closed slot windings when they 
are of the same form as "diamond coils." Such for example 
are the so-called ''fed-in" or "dropped-in" coils, which are really 
"diamond" coils except that they are placed in partly closed 
slots, one wire at a time, through the small opening at the top 
of the slot. Such also are the strap coils referred to earlier, where 
the slot is half open and the tooth tip overhangs from one side. 
While there are four separate coils in such a slot, each coil is 
insulated from ground and for purposes of connecting up may be 
considered the equivalent of an open-slot winding laid in twice 
the number of slots. Such a winding is shown in Figs. 21 and 
33. Bar-and-end connector windings when of the "lap" and 
not the "wave" type are also connected in the same manner. 

Standard " Lap " Winding. 

A completely developed picture of an open-slot winding is 
shown in Figs. 54 and 55. The straight radial lines are shown 
in pairs. These radial lines represent the straight parts of the 
"diamond" coils. The shorter line of each pair represents the 
side of the coil lying in the bottom of the slot and the longer line 
the side of the coil in the top of the slot. Taking Fig. 54, for 
example, before any cross-connecting was done there were 24 
separate coils mth the beginning and ending of each coil project- 
ing at the end of the winding as shown in Fig. 56, which is the 
winding represented in Fig. 54 in place in the stator except laid 
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out fiat. Since it ia to be coniiected for three-pliafle four poles, 
there is a total of 3 X 4 = 12 pole-phase groups required anA 
this results in 2i -i- \2 = 2 coils per group. The first step, 
therefore, ia to connect the coUs in pairs, each pair forming a 
pole^hase group, as in Fig. 57. These coil-to-coi! connections, 




Fto. S6. — Coib fat the wiudiDB in FiES- 54 and £5 abown in place roady t 

CABCABCABC 



oonnacted into pole-phaae sroupa. 




Fia. G6. — Completed winding 



as Figs. 54 and 55. 



or stubs, are shown at the group numbers. The resulting 12 
pole-phase groups are then cross-connected to form the completed 
winding as in Figs. 54 and 58. 

A compariBon of Fig. 54 with Fig. 55 shows that the cross- 
coonectioDB or pole-phase-group connections are identical, the 
only difference between the two being that Fig. 55 has 36 coils 
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total iofftOHJ of 3-t Mid hcQoe then ve thitv cot]-< in cnch pole- 
phase graap tnsteiul of two. Thn miU Aova in heavy lines, 
FiK- o-V rrprwcui ttie eaUa luvitig beanor insulittiuii, where the 
phasee chon^ betircen adjiiccnt coils luid will l>c rvfe^rcd t*i Id 
A lalKr chapter. A coDEidcraiioQ of these figures leads at onrc to 
two coochifiiaas: First, that such a fonn of dingrani u Figs. Al 
and -^5 a unUivIy too complicated for uee by tlie avi^ra)^ winder 
and a diagram like that in Fi?. 5S reriuires too much time to 
make and ia therefore loo expensive. Second, Eince the actual 
cross-cnimectioM themscIvi-« are not afTocled by the number of 
iadividual coils io the pole-phase ^roup, the cntin- pii^ttirc sltowti 
ill Fif^. 5-1 to ■'■8 inny \io replaced by the tdrnplc diaf^rani ahnwn 
in Fig. 59. The s^ral lines representing the polc-ptuu)e p^up^ 
which are numbered lo correspond with Firb. 54, 67 and 68, 
can be imagined as being the wllfi which form lite poh^-phasc 
groups. It is obvious that there might be any numbet of ooila 
connected in serive to form the groups. If, for example, the 
coropli'te machine inEbead of having 24 or 36 slots had 48, 60, 72 
or 96 slots, the cross-connections of the groups in any case would 
be as shown in Fig, 59. Adiagramof this type ia therefore always 
used for such windings, since it can be used for any thre^phase 
four-pole machine independently of the number of slots in a 
particular machine. 

Schematic Diagram. 

Attention is called to the small " Y" diagram in the center of 
Figs. 54 and 55 which is also reproduced in Fig. 59. It haa 
no electrical connection with, but is the "schematic equivalent" 
of, the rest of the diagram. It is the designing engineer's 
imaginary conception of the cross-connections reduced to their 
ompl^t terms. By comparing the numbers of the groups on 
this small diagram with the corresponding numbers on tlie larger 
diagram, it will be seen that each (xjle-pliase group is shown in 
its proper phase and with the proper direction of its ends toward 
the lead or toward the star connection. The arrows shown on 
the larger diagram, Fig. 59, and also on the small schematic 
equivalent represent a simple and positive check as to whether 
the connections to the different groups are correct. 

Check for Comiecting Proper Ends of Phases to Star Point. 

There is a danger in a three-phase winding that the three 
phases may be connected in a 60-deg. relation instead of a 120- 
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deg. relation, or as it might be expressed on the diagram, Mg. 59, 
there is danger that the wrong end of the B phase, for example, 
may be connected to the star point. As a check against this 
each phase is traced through, starting from the lead or terminal 
and proceeding to the common, or "star," point at the center 
of the winding. As the successive groups arc passed through, 
an arrow is placed on each as shown, indicating in which direc- 
tion that group was passed through. When all three phases 
have been traced through and the arrows on the groups arc in- 
spected, the diagram is correct if the arrows on adjacent groups 




Fig. 59. — Schematic, four-pole, series star diagram exact equivalent of pictured 

winding in Figs. 54, 55 and 58. 

reverse; that is, if they are alternately clockwise and counter- 
clockwise in passing around the winding. This check should 
be studied over and thoroughly mastered, as it is the one check 
that the author has found in 15 years of practical experience 
is always reliable and easily applied. The only exception to this 
check is the case of consequent-pole machines, to be described 
in another chapter, but these are so special and so infrequently 
met with that they may be practically put out of the consider- 
ation and the check be regarded as almost imiversal. 

It is the common practice of all manufacturers to send out 
machines that can readily be connected for either one or two 
voltages. This is accomplished by a series or parallel arrange- 
ment and can be understood by comparing Figs. 59 and 60. 
By looking at the small "equivalent" diagram in the center, it 
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wQi be Mvn I luit ituirc uv twice as many groups ia wnc» bet w-enn 
ihe termma) loads in l-'ig. GO as there ore in Fig. 00. Thie 
incan« thai if Fig. 50 U proper for 4-10 v»lu, Fig. 60 woolci be 
rigbt for 220 volts. The iilea was given ia ao ejirlicr cbnpler 
Uiat one runetion uf tbc wtuditgc wua (o Kocionit« tbo countfir- 
eJeetromoti\'e force. It can be seen at once that if the coils 
ax connrxtRil in Fig. 5S ant gi-ri04^ting \A0 vii](«, thuy will ol>- 
vioualy generate ooly liutf as many, or 220 vnlts, woneoled ae 
ill Fig. 60. As atioOicr oonsideralton, it is seat tlul if the 
motor has the siune horsepower at both voltages, it will have 




Flo. fii. — Shawing tbo diBgraiuB o/ 
Figs. 59 and 60 reoonnacted to fout 
star. paralle! star. 

twice the number of full-load amperes at 220 as it has at 440 
voltB. This is properly taken care of, as will be seen from Fig. 
60, since the winding being doubled has twice the copper croes- 
eoction in Fig. 60 that it had in Fig. 59. 

If the number of poles in the machine is divisible by 4 as, 
for example, 4, S, 12, 16, etc., the winding may be put in 4 paral- 
lels as shown in Fig. 61 and by comparison with Figs, 59 and 
80 would be good for 110 volts at the same horsepower. The 
EncreofiGd current at 110 volts is again taken care of by providing 
4 times the copper section, as shown. This same principle can 
bo extended, and when the number of poles for which the machine 
is woHRd can be divided by 6, it is possible to have the winding 
eoncectcd for 3 parallels or 6 parallels, as shown in Figs. 62 
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and 63, respectively. If divisible by 8, there could be 2, 4 
or 8 parallels, and if divisible by 10, there could be 2, 5, or 
10 parallels. It will be explained in a later chapter on "Changea 
in Voltage" that these possible changes when considered with 
the possibility of "star" or "delta" allow in many cases the re- 
connecting of motors for new conditions. 




Fio. 62. — Threo-phaso, Hii-polo wind- 
ing conaecMd three parallel star. 



Fio. G3. — Tbrse-phase, sii-pole land- 
ing oonnactod six parallel atar. 




Fio. M. — Tno-phow, two-pole wind- Pio. 05. — Two-phaaa, two-pole wtnd- 

ing Bories oonneotion. ing connected in two parallels. 

How to Draw a Diagram to Suit Any Case. 

As regards the number of possible diagrams, these multiply very 
fast. As an instance are shown the diagrams. Figs. 64, 65, 66, 67, 
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08 and CO. Here the simpleiit case is studied — that of two pole? — 
unil whvQ tnrH imd tJircc-iihiu<t; am ooneiderud, ^rvc« ftml pftrnllcl, 
anil star and delta, thern are »ix possible diiignuna at ixiniu>otiott, 
US itKficAtPil. CtiDSuk-rin^ f'>r the momont n I2-[iol4> ivlndiiig, 




tiiere are poBeibilities for series, 2 pai'iiUel, 3 parallel, 4 parallel, 
6 parallel and 12 parallel groups, which with two- and thi'ee- 
phase and star and delta give 18 diagrams total, just for 12 poles. 
It becomes plain that it is desirable to analyze these diagrains 
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and arrive at a simple scheme by which any one can be drawn 
at need without the necessity of relying on a bulky collection of 



I 1 ' • ' 
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Fia. 70. — Two-phase, four-pole series connection. 




Fig. 71. — Same as 70 except "B" phase reversed. 




Fig. 72. — Three-phase, four-pole series star connection. 



B 




-::±:~- 1 

^ 



A Lead 




'^^ 



Fio. 73. — Same as Fig. 72 except leads brought out from different groups. 
General scheme of laying out polo phase group diagramB. 



diagrams which may not be available when needed. In Figs. 
70, 71, 72 and 73 is shown the method of laying out diagrams 
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or tills gDDcnl Dnliiro. The fintb oprrAtioa b ntBldng tho 
niocecUoQ is ui <:oQDf<ct the individual calls into pole-phaae 
groups. TLcro arc as many coS* ia scrkv in each group m tbo 
u)t«l number of coils in ihc winding dividiid by the number of 
phiiiics Umcfl thi* Dumber nf polciu In Figs- 70 ftnd 71 tlia it 
assumed to be 4 coits, and benre each pole-pbuse group is sbown 
lu liaving 4 intlividuul n>ih in wrioB. The nox( Klep, us gliown in 
Figs- 70 and 71, 1'or a two-phase machine is to letter the altcrn- 
fttc i^upa A, B, A, B, etc., to ilMignftlo the groups in the A 
phase from thuse in Uiu B phase. The next step is to put no xhc 
arrowv, us sliowii, in Rrotii» nf two pointing in Uwsanto direction 
on two succesBJre groups of ooiU. It docs not matter what group 
13 UMd to start with. The only eseeittial is that there shall bet 
firel two arrows pointing clockwiso and then two arrows pointing 
eouDterdooicwiiie. Tiie Lbirxl tttep is lo show the itoonecUous to 
the different groups so tliat the current at any given instant will 
[uun through the groups in the same direction as the arrows. If 
this method is followed in laying out tlie connections of t wo-pha£e 
windings, the result will alwaj-s he a diagram that showe the pole- 
phase groups couuected in tlieir proper relation. 

Figure 71 is produced to compare with Fig. 70 to verify the 
ststemeot already made that the arron-s may be placed beginning 
with any group. In Fig. 70, beginning at the right, there are 
two arrows couulercloctwise on groups 1 and 2, whereas 
in Fig. 71 the first two arrows counterclockwise are on groups 
4 and 5. The only effect of this is to reverse the B phase, 
or in other words, the motor in Fig. 71 would have the opposite 
rotation of the motor in Fig. 70. Since this is at once corrected 
by reversing the leads of one phase outside the motor, it will be 
seen that if the internal connections are made according to Fig. 
70 or 71, the motor will operate properly in all respects. 



Three-Phase Star Diagrams. 

The three-phase winding shown in Fig. 72 is even simpler. 
Here there are 3 coils per pole-phase group, and as in the two- 
phase winding the individual coils are first connected into pole- 
phase groups and the groups lettered consecutively ,4, B, C,A,B, 
C, to separate the phases. Tlien the arrows are put on as shown, 
first clockwise and then counterclockwise, alternately, beginning 
with aay convenient group, iL matters not which. The lines are 
then drawn in for the group connections as shown, following the 
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convention that the arrow enters the lead or terminal of each 
phase and goes toward the star or common connection at the 
center of the winding. If this rule is followed, the connection 
will be correct and it is applicable to any combination of numbers 
of slots and poles. By keeping in mind either Fig. 70 or Fig. 
71 for two-phase and Fig. 72 for three-phase, all diagrams of 
this type are mastered and can readily be reproduced at a 
moment's notice. 

Delta Diagrams. 

In checking a delta diagram, check it first as if it were a star 
diagram and then form the delta by connecting the star end of 
the A phase to the B lead, the B star to the C lead and the C 
star to the A lead. These three connections will be the delta 
points from which the three external leads are brought out. 
Another method of checking where it can be handled without 
confusion is to imagine the current flowing around inside the 
closed delta. The arrows on adjacent pole-phase groups will 
then alternate in direction as in the check on a star winding. 
This latter check may be applied to Figs. 67 and 68 by starting 
from terminal A, or any terminal for that matter, and following 
around through all the pole-phase groups back to A. For ex- 
ample, in Fig. 68, starting from A terminal, follow through 
group 1, then through 4, 3, 6, 5 and 2 back to A; thus a closed 
circuit has been made through all the groups in the direction 
of the arrows. 

A further consideration of the arrows on the pole-phase groups 
of Fig. 72 shows that there might be a niunber of different con- 
nections, all correct, which check with these arrows and differ 
only as to the particular group from which the lead or the star 
connection are taken off. In fact, the lead or the star connec- 
tion may be taken off from the proper end of any pole-phase 
group in a given phase so long as the cross-connections, when 
followed through, give the alternate arrows as shown. Fig. 
73 is added to show one of these possible connections just as 
correct as Fig. 72, but with the leads and stars taken off from 
different pole-phase groups. Referring to the winding. Fig. 68, 
and again applying this rule, it will be found to hold good as 
indicated by the arrows. This demonstrates conclusively the 
correctness of this method of checking three-phase diagrams 
pf this type. 



CHAPTER IV 



CBORDED WINDINGS OR THE EFFECT OF COIL THROW 
ON THE MAGNETIC FIELD 



The pfTift ut cbangf^ in rrequnnt-y, plttu^^^, voltjtgt' or po1«« 
upon tJie pf^onnuncr of an itiduoiion motor and iht> neoctKary 
t!hiuiKi?s in tliu windini^ (o prvsi-nru luirmul fiprrutimi m*}' U' 
(joosidereil fium tbu vieivpoiDt ol u ctuuiKB in voltage only and 
vroricnl oul by tltnt niPthod. By tliiii i^e nitiuit, for cKiuitpltt, tiuu 
a tbree-phaee motor may be coneidrrcd as a two-pluwc machine 
of a difri>Tvnl voIt««<^, in mi far as tUo magtK'Uc flux in tUf iron k> 
coocerned.. also the heating, efficiency, torques, power fuctor, etc. 
Lib«WLH(> a S.Veyclp motor may l>e eoiwidercd a.* a fift-fyole 
macliinc at a diffcroiit voltage and oporsitt-d accordingly. 

A cliango in tlie number nf poles can l>e Kicked upon a» chang- 
ing Uio ppeeil of rotation of the magnetic field. Witli a given 
number of conduetflrs tliis would at once affect the generatoil 
Vollftgc or eounler-electroniotive forw. It was eiqiiftined iu tho 
second chapter that the eounter-c.m.f. was practically almoi^t 
equal to the applied o.ni.f., or line voltage. Hcnee it niay be 
eocn that even a change in the niiniber of polea can be considercti 
a» a voltage change and the number of wires in the exiils enrre- 
Bpondingly changed bo as to give the same perfonnanee \mder 
the new conditions. 

Since all these changes can be considered as voltage changes 
and will be so considered in the ehapt^^rs to follow, it is necessary 
to investigate closely all the consi derations that directly affect 
tJie voltage. The first one of these is the effect of winding the 
coils less than full pitch, or "chording" the coils, as it is most 
frequently called, The pitch, or span, is expressed in the number 
of the slots included between the two sides of the coil. 

It is common knowledge that tills jiitch, or throw, must lie 
somewhere near the quotient of the bore periphery of the core 
divided by the number nf pol(!S. For example, if the stator of 
a given motor had 72 slots and was wound for four poles, an \u- 
dividual coil woidd be expected to lie in slots 1 and 10 or there- 



COMtECTINO INDVCTION MOTORS 




cffonnsrt wJKotsas 



53 



ftbouts. Tba muiou tor thi« ii that U liwro uro four poles, the 
Epoo of each coil muEt be aomewbcre near onc-quorter of the botv 
peripher>'- In ti>^ cue 72 -e- 4 » IS ftloU, Mod 18 + 1 -^ 10, 
heoro the exact' pii.i:]i fur ti)(! cgils of thiE niniimg woulil be 1 and 
18. Sioiiliirly, a aix-]>olc ooil for tins suiiic wn; would lio in »o«iu- 
ttUng Ukc alota 1 and 13 and an eight-pole coil in slob 1 and 10. 
An examination of any induction motor wound in \hc. iiMjal way 
discloiice the far.t that tLo coils are seldom wound full pitch, as in 
Fig. 74, hut always a few (tlots Icm, aaiDFi^.7S. K i»theiiur|K»i? 
of l)u< chapter to discuas the reasons for winding the coilfi less 
than fuD pitch and the eSect upon the Toliaso of thi^ maoliinn 
caUMtl by this practice, which gJTce a fracliannl-pitch winding.' 

Ode of the immediate results of spreading the roil less thao 
foD pitch is bo phicc in Ihu same dob coiU carrj'tng currants of 
different phases. This is illttstrated in Figs. 74 and 75, which 
show a two-phase four-pole winding placed in 32 slots. In Fig. 
74 the throw of the coil is 1 and 9, or exact pitch, and it can 
be Been, that all the slots contain coilsentirely of thesanie pha^; 
that is, all slots contain either A or B coils. On the other hand, 
in Fig. 75, the throw of the coil is one less than full pitch, or it 
is chorded one slot and wound in slots 1 and 8. As a result. 
it is seen that in slots 1, 5, 9, 13, etc., the coil lying in the top of 
the dot is of a different phase from the coil in the bottom of the 
slot. At first thought this appears to be an interference, but 
it is really not so, since the values of the currents in the two phases 
at a given instant are different; and since one is increasing and 
thi.' other decreasing, the effcut on the magnetic circuit is due not 
only to the amount of current in the two coite, but also to their 
phase relation. Hence the result of chordiug is not to make 
the two phases interfere with each other in any way, but simply 
to have a tendency to reduce the number of turns in the coils, as 
will be described. That the resulting magnetic field which ro- 
tate is due to the interaction of all the phases in this way was 
mentioned in Chapter II. 
Advantages of Chording the Winding. 

There are three main reasons for winding the coils less than 
full pitch: (1) The length of the mean tui-n is reduced; (2) it has 

■ A longer theoretical dUcusaioD of fraatianal-pitchwindiDgg is found in t)i« 
"Transactions of the A. I. E. I-!;,," Vol. XXVI, 1907. pp. 1485-1503, Messrs. 
Mams, Cabot and In-ing; and Vol. XSVII. 1908. pp. 1077-85, Jens Buuhc- 
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r ehtui^ag Ibc nuniLicr of tunu* in tlie coQ; (S) tfa« 
<nrer-aO len^b of the wixuli&g panUel to ibe shai\ t9 rrduced, thus 
rBQUiriog Im tpaai ia fhi» cad hn^kois wticti cury tbi< bcmriogs. 

Dinniaang thase effwfa in urder, iJie n-ducUna to the )cfl|^ of 
thir mean turn ArcouipOiihcf two rwulid: Fint, lea wtrv is re- 
quired to form the coils, Fhicb tE & slieht econoaj*; &nd eeeond, 
the tot^ n@istaiic« of the winding is n4un^. This rcductioti 
in nasstBao:, in turn, has two tiencfidiU results — the one d reduc- 
tion in copper loes with a i;orr<^[K)iidiuic Rsin in cihcicncy nnd 
the other & reduction in beating, since the heating is meflsured 
by the total loesfis that muat be dissi- 
poted. The reduction in cnst and the 
haproveoieiit in performanoe are both nE 
B rdntircly smnll order, but tbey rcpro- 
xnt the minor details in which a nicely 
btthuiGed design has an sdvanlage over 
one more crude. The reason for the 
ahorteniog of the mean turn can be seen 
from Pig. 76. The coil ABCDEF is 
wound in elota 1 and 7 and the coil 
AQBIJF is wound in slots 1 and 6. 
It win be noted that the gain in length 
by the shorter coil ia due not alone to 
the fact that the chord AH is shorter than AC, but also 
to the fact that the point G is considerably nearer the core 
than the point B; or in other words, the angle AGU is greater 
than ABC.* 

The second effect of chording i& that it acts in the same man- 
nw as cban^g the number of turns in series in the coil. Sup- 
pose, tor example, that a designer of induction molurs baa made 
a calculation and finds that if six turns of wire are put in a 
coil there will be slightly too many turns for the best result, 
and if five turns are used there will be slightly too few. If 
there was not the recourse of chording the coil, it would be neces- 
sary to decide which was the lesser of the two evils, or else to 
diange the number of slots. The latter might not be possible 
OS it is dpsirable to have the total nuiiilter of slots a multiple of 
the number of phases times the numl)er of poles, and this could 
not be shifted in fine adjuBtmenls. However, it is possible to 

• 8ws utioto in "Eluelrlc Journal/' Vol. VIII, &4, hy Gray E. Miller, on 
" DeUimining the Form of « Diamoiid Coil." 
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chord the coil and by the simple expedient of winding the coils 
one or more slots less than full pitch, the effect can be produced 
of putting 5J^ or 5% turns in a coil, or in fact a very fine ad- 
justment to give exactly the best possible combination. There 
would of course be six actual physical turns of wire in the coils, 
but their magnetic effect would be reduced by the chording to 
5J^ turns or whatever was desired. 

The effect of the turns in the coil varies as the sine of half of 
the angle in electrical degrees which the coil spans. To illus- 
trate, if there are 72 slots in an eight-pole machine, the coils 
would spread exactly full pitch if they lay in slots 1 and 10; or 
in other words, if there were eight slots between the two slots 
in which the two sides of any coil were located. Such a coil 
would span 180 electrical degrees. One-half of 180 deg. is 90 
deg., and the sine of 90 deg. is 1; therefore the effect of the turns 
in such a coil is 1, or maximum. Suppose, instead, the coil Ues 
in slots 1 and 8. It would then span 140 deg. electrically, since 
72 -^ 8 = 9 slots represents 180 deg.; one slot therefore repre- 
sents 20 deg. and seven slots 140 deg. The sine of half of 140 deg., 
or 70 deg., is 0.94. Hence it follows that the effect of the turns 
in this coil is less than that of the full-pitch coil by the ratio of 
0.94 to 1. 

Changing Poles with Constant Throw. 

The foregoing is of interest in the present problem, because it 
is often possible in making alterations in the winding to change 
at the same time the span of the coils by one slot, more or less, 
by springing the coil mechanically, and so improve the per- 
formance of the machine under the new conditions. The point 
becomes of vital importance immediately when changing the 
number of poles without changing the throw of the coils. 
Referring again to the 72-slot motor, assume that the coils are 
wound in slots 1 and 8. For an eight-pole connection these coils 
will have an effect of 0.94 as explained. If the connections are 
changed for six poles, the effect is entirely different; 72 -^ 6 = 12 
and 180 -r- 12 = 15, or each slot represents 15 electrical degrees. 
A throw of 1 and 8 covers seven complete slots, or 7 X 16 = 106 
deg.; the sine of half of 105, or 52.6 deg. = 0.79, which means 
that when connected for six poles the coils have an effect of only 
0.79, as against 0.94 when connected for eight poles. 

It is possible to avoid using the sine of half the angle and se- 
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f tliftt ilk sufficieolly aooimte for all pmciioal ptir- 
posaa by uaoe tli« expre^on, 



H/iioalxr oftlotg per pitte)' — 2tA'nwt^ o f >toto dropped}' 

Uaui|E ll>D viuiie cighL-polo example as abovit, thn niitnh«r of 
slot» per pole a 72 -i- S = 9, (Uid iho piilc pilrh is 1 aod 10. 
When Uie coil is nound I fend S, it spaas 7 skiu and tiiure biv 
— 7^2 slots dropped. The «xprcssiou Uien become* 



and somiarly for ttie six-iiolc. 
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wbieb agrees rnugbly witb tbe otlicr metbod. 

Eiplmation (^ Tenn " Chord Factor." 

A coil should in no ca^i be diorded more than bidf of tlie pole 
pil«h, ss secondary dtsturbaooes of the magnetic field are oc- 
casiooed by chordlng which become probilMtivie ab that point. 
Ilie expression, "sine of half tbe angle spanned by tlie coil," is 
given tbe name "chord factor," and it should be considered in 
the work of reconnecting. For example, it tbe poles arc changed 
from 8 to 6, as in tbe example given, and the chord factor changes 
from OM to 0.79, the new line voltage should be 0.79 -^ 0.94 
times the old, neglecting the effect of other changes tJial are 
being made. If nothing else was undergoing change and the 
normal voltage was 440 in the first place, it should be 440 X 
0.79 
jT^ = 370 after the change is made; or, expressing it anolher 

way, if it was still operated at 440 volts after tbe clmnge, the 
motor should be thought of as operating at about !8 per cent. 
over voltage. 

Since the foregoing is one of the important points in induction- 
motor winding, it is worth while to consider carefully how this 
effect is produced. It could be stated briefly by saj-ing that iho 
two ades of the coil, which of course are in series, are not strictly 
in phase with each other. But tliis can be seen more clearly 
from diagrams. Suppose, for example, that a two-pole motor is 
considered and that « croas-seution is taken tlu-ough the core unci 
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windings in a plane at right angles to the shaft, as shown in Fig. 
77. The dotted parallel Ibee in the peculiar twin pattern 
represent the lines of force, or magnetism of the rotating mag- 
netic field, which is rotating in a clockwise direction, aa shown by 
the arrow outside. The small 
jJJS- — ^7-S> arrows on the lines of ilux indi- 

1 " \_ cate the magnetism coming from 

' the stator north pole at the top 
into the rotor core and out again 
into the stator at the bottom, 
forming a south pole. 

Of couree this magnetic field 
is being set up by polyphase 
alternating currents, but it need 
^ J only be thought of as shown in 

""—— , — — ^ the figure and as if excited by 

Fia 77 — CroBB-BBction through b direct current. The six small 
h^.'^cl'fo™'"' ■'"'""'^ """"''"° circles, in the stator and near 
the bore, numbered 1 to 6, repre- 
sent the conductors of the stator winding. Consider that these 
SIX conductors constitute the complete winding. As the mag- 
netic field Bwmgs around m a clockwise direction, it cuts these 
SIX conductors because without doing so it cannot get from the 
stator into the rotor and back and at the same time rotate. Aa 

the conductors cut this field, each one gen- ^ 

erates a voltage which in value and direc- 4 ' \ 

tion may be represented by the arrows or A cS. 

vectors of Fig. 78. / \ 

The reason these voltages are shown in \ / 

a hexagon is because they are not all gen- Xs y 

erated at the same time, but in a succession. \ 4 / 
For example, the north pole sweeps by 
conductor No. 1 and a fraction of a second gr^^sho^ dl^eUo*^ 
later past No. 2 and then past No. 3 and at any inatant of vo!t- 
so on around to No. 6, and this can be dfoto^TRs? 7^ °°''" 
represented by the sides of a hexagon 
which finally closes on itself, as shown in Fig. 78. The reason 
the arrows for conductors No. 1 and No. 4 are shown in the 
same direction is because the north pole is sweeping past 
No. I to the right at the same instant that the south pole is 
sweeping past No. 4 to the left, so that the voltages in these two 



I 

I 



CBORI>BD WrffDISGS 59 

oondutiton ore in the same direction at the same icatsnt. Bimi- 
lulf , Kos. 2 tud 6, and Noe- 3 aik! (J nn- lUiki} in jmirs. i^uppmc 
DOW thm No. I und No. 4 had their oods ctmspcted r^igetber botb 
at the front and the biu^k of tho macluae no thai they fomied a 
shorl-<urcuit«d tiirn. Tlie \-oltase then which would be effective 
ID forcing ciuTent. around this r<hon-citt: tiit would l>c ihni gimtntU^d 
ia No. 1 pIuD that in No. 4 and may be represented by tine No. 1 
pluB Ko. 4, or AX, «)town in Ftic. 79. KL thcu would rcprosont ibo 
ToltAgc of a coil wound exactly fidl pitch or from the center of 
a north pale to the center of a sotilh pole. 

8upi>oac instead of No. 1 and No. 4, that No. 1 and No. 5 had 
their ends i-onQc-ctcd so as lo form a shorb-rjreuitcd lora. The 
voltage which would be effective in fordng current urotmd 



Fio. SI.— Adding ralt- 
HBBa of cooducfois 1 and 
8. fig. 77. 



Pro. T9.— Addias tcIi- Fto. 80. — Adding volt- 
BgM geaemtal tiy ooo- tges oi conductors 1 %ad 
daatonB 1 kud 4, Kg. 77. &, Fig. 77. 

through this ahort-circuit would be MN, shown in Fig. 80, 
which it will be seen is Eomewliat less than KL in Fig. 79. The 
arrow MN is made by adding 1 and 5 which in themselves are 
just as long as 1 and 4, but instead of lying in a straight hne they 
are at an angle to each other. This angle shows what is meant 
by the two sides of the coil being out of phase with each other, or 
stQI another way to say it would be that the magnetic field is not 
working on No. I and No. 5 in exactly tlie same way at the same 
instant as it was on No. 1 and No. 4. Therefore, when No. 1 
and No. 5 are short-circuited giving the voltage MN, they repre- 
sent a coil chorded to two-thirds of full pitch, or they have the 
effect instead of l^eing two conductors in series, of being only 
2 X 0.806 conductors, or 1.73 conductors. This is because two- 
thirdB pitch woidd be % X 180 deg. = 120 deg. and the sine 
(0.5 of 120 deg.) = sine 60 deg. = 0.866. 

In the same way conductors No. 1 and No. 6 could be joined in 
series to form a short-circuited turn, and the voltage of such a 
turn would be represented by OP in Fig. 81 which is ninde up of 
No. 1 and No. 6, which are at an angle of 60 deg. with each other. 
In this case, instead of having the effect of two conductors in 
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series so far as voltage generation is concerned, the effect will 
be that of only one, since 1 and 6 represent one-third pitch, and 
J^ of 180 deg. = 60 deg. and the sine (0.5 of 60 deg.) = sine 
30 deg. =0.5. Therefore 2X0.5 =1. Of course 6 slots per pole 
is a small number and it can be seen that with 12 or 15 slots per 
pole at his disposal the designer can chord to get almost any 
value required. 

Effect of Chording. 

It will be noted that in this graphic explanation the conductors 
were spoken of only as generating counter-e.m.f., as explained 
in the first chapter and never as setting up the field. How- 
ever, it should be understood that in the magnetizing function 
of the winding, also, the chording produces the same effect as 
explained here by means of the generator idea. 

The third effect of chording has been mentioned as shortening 
the coils axially. This is very useful, especially in the case of 
two-pole and four-pole machines where the coils, if made full 
pitch, would protrude so far at each end as to require special 
end brackets. These long end brackets in turn would spread the 
bearings farther apart and make necessary a larger shaft to keep 
down the shaft deflection. Hence it is of prime importance to 
shorten up on the coil ends in this manner. Also, the end wind- 
ings are mechanically stiffer. There are other effects of chording 
known to the designer, which are desirable. These are, for 
example, a reduction in the leakage reactance, thereby giving 
better torques and possibly better power factor and eflSciency. 
Also, it is very beneficial in reducing magnetic noise to employ 
chording, depending on the combinations of slot nimibers, so 
that, taken all in all, chording is one of the prime features in 
studying the effect of winding changes upon the performance of 
a machine. 

Distribution Factor Less Important. 

Another winding factor that acts in a similar manner to the 
chord factor just discussed is the one known as distribution factor. 
This is not subject to control as is the chording and is relatively 
much less important, but should be mentioned in passing, as its 
neglect might occasion trouble if a combination was employed 
which otherwise was on the ragged edge of failure. This distri- 
bution factor has to do with the fact that the coils in one phase 
of a two-phase motor are spread over half of the face of a pair of 
poles and in a three-phase motor are spread over one-third of the 
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fuee of a pair of pclw. This factor vtnica a trifle with the 
number of elc>t» per phate und polo, but a f&ir vulue for nvcrace 
two-phniiti mndiDR^ b 0.90^, which in about iht ratio of one side 
of a square insiiribcd in a circle to ooD-fonrth of the ctrcamfer- 
coee. Fur a threi^pham mochiue a fair avi^a^ value is 0.055, 
which i£ practicaliy the ratio of oac eidc of a hexagon tnsonbcd 
in a drcle to one^xih the drcumfcrcnoe, or 3 -^ 3.14. 

Ordinarily this factor is not troublcMiDii! and if forKiittaa in 
diangiag from two- to tbret-phase, or vice versa, would not cause 
any great disturbance. Howcvor, in dsuhn^ with Epvctal mn- 
ohines — ae for example, moiors wound for two .wta of poled — 
the di«tributitiD fttctor tn&y be mom important than the olhpr 
fantors. la smJi 8 case the two-phase distribuciuo fautor may 
be as low ag 0.707 and th« three-ptinKt as 0^66 because the coiU 
for a four-pole motor, for example, are sprtad over the pole 
face of an eight-pole. Mention is made of this fact in conneoiion 
with Fig. 138, Chapter IX. 
Phase Insulation Important. 

Another general factor is that of "phase insulation." It is the 
practice of many manufacturers to put heavier insulation on Ihe 
coHs at the ends of the polar groups which are mechanically adja- 
cent to one another and which are also subjected to the voltage 
between phases, which may be the maximum voltage between sup- 
ply lines. Such coils are drawn in heavy lines in Fig. 55. By rear- 
ranging this diagram for two-phase it appears at once that both the 
number and location of these eo-ealled" phase-coils" are changed, 
and in changing the number of poles, the number and location of 
the pbaee-coils must aleo be changed. In fact, whatever recon- 
oeelion is attempted, the phase coils should be checked and re- 
arranged, since this ia comparatively easy and adds considerably 
to the protection of the machine from breakdowns of insulation. 

To illustrate the manner in which the phase coils should be 
rearranged when changing phages or poles, Figs. 82 to 85 are 
shown. All four of these figures show the same winding in 48 
slots and witli a cod throw of 1 and 9. In Fig. 82 the phase 
coiLs are arranged for three-phase four-poles, in Fig. 83 for two- 
phase four-polo3, in Fig. 84 for two-phase eight-poles and in Fig. 
S5 for three-phase eight-poles. It will be noted that since the 
throw of tlie coils remains unchanged, it represents a chord factor 
eorreGponding to two-thirds pitch, or 120 deg. for the four-pole 
winding (since 8 slots = ^ of 12) and a chord factor correspond- 
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ing to one and one-third or 240 deg. for the eight-pole winding 
(since 8 slots = IJ^ of 6). Since the chord factor is equal to the 
sine of }4 the spread angle and since the sine of 120 deg. = the 
sine of 60 deg. = 0.866, the effect of the underchording on the 
four-pole winding is exactly the same as the effect of the over- 
chording on the eight-pole winding. 

In all four diagrams the coils having heavier insulation than 
the others are shown shaded, the different degrees of shading 
representing the coil having additional insulation in the different 
phases. In Fig. 82 there are 12 pole-phase groups of four coils 
each. The two outside coils of each group have heavier insula- 
tion, as indicated; this will give 24 phase coils, or one-half the 
winding is phase coils. The winding Fig. 83 has eight pole- 
phase groups, with 16 phase coils, or one-third of the total wind- 
ing is phase coils. In Fig. 84 the winding has 16 pole-phase 
groups, making it necessary that there be 32 phase coils. The 
arrangement in Fig. 85 gives 24 pole-phase groups of only two 
coils per group, hence all the coils must be phase coils with 
increased insulation. 

Plotting Pictures of the Magnetic Field. 

In Chapter II there was shown a method of plotting a physical 
representation of the rotating magnetic field as it varies from 
point to point around the air gap of an actual machine. The 
same method may be used to show what effect is produced on its 
shape by changing the throw of the coil, or chording the winding 
as it is called. The latter effect is thus investigated for a change 
of one slot at a time from full pitch to less than half pitch. By 
full pitch is meant that the span of the coil is exactly the same 
distance as that from the center of a north pole to the center of 
an adjoining south pole, and by half pitch that the coil spans or 
throws only half that distance. Referring to Figs. 17 and 18 of 
Chapter II the small "stair step" figures represent cross-sections 
of the magnetic field existing in the motor as the alternating 
currents in the windings vary in value from instant to instant, 
and a comparison of the small figures shows that the magnetic 
field actually travels around the stator bore or "air gap" at a 
uniform rate. The number of revolutions that it makes in one 
minute is equal to 120 times the number of cycles per second of 
the supply circuit divided by the number of poles in the stator. 

Expressed in symbols this would be iS = 120 -/ where S is the 
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qieed of Totation m r.p.m., / n the fnouencr in c^cies per K<c«iDd, 
ttod p is tbe Dombcr of poles. 

In order lo laaic cIcat ibc Gd»i pbotoerapfas or diagrams of the 
present rii^tcr uid to obri&te the poeability of confu^on recarvt- 
iag tbem, atliEDlioD is OLllvii to tlic fitct thai tbey repimcot the 
coculitia&5 pxifdog iti lli£ wiQ<iiQ^ at no instant u! time wh^ii ibe 
current in one at Ummh in nt itj luaximtun vmluc. Since wc on 
dealing witli three-phsse motors, tbe ntrrentc in the windioffB 
oonnoelad to th« other tno p^sMS will At liiitt itaUal. butk tuc 
eqiul to OQC-holf their mnximuin values. This oiay be ex- 
pUiflcd by referecDi* to FIrs. 17 lUtd IS of Chikpicr 11, nbicli 
represent, tbe Tmluee of tbe currents in tbe three phssts for 




oTery 30 deg. of a complete cj'cle of 360 deg. Suppu&c thcGc 
three currents are represented by the three hranohes, A, B 
and C of the " Y" iUustrated in Fig. 86, each of which b 120 dv:^. 
from the other, and that a vertical reference line hk is drawn 
through the center o. Now assume that the "Y" rotates in a 
counterclockwise direction about this center wtiile the hne hk 
remains stationary', and that the three branches assume the suc- 
oessve positions represented in the second column of Fig. S7. 
The valuoa of the currentfl at any instant of time will be repre- 
sented by the length of their horizontal projections upon the 
line hk. If the maximum value of each current ia assumed to be 
one ampere, the instantaneous values of tbe three for each 30 
d^. of Et complete cycle would be those given in tbe last three 
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columns of Fig. 87. Projections that lie above the center o 
are taken to be positive and those that lie below as being negative. 
In Chapter II there was given a picture of the field corre- 
sponding to each instantaneous value of the currents, but in the 
present chapter the figures are given for only one of these values 
and they have been chosen to be the ones existing when the con- 
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Fio. 87. — Instantaneous values of 

out a 



the currents in a three-phase motor through- 
complete cycle. 



dition is that shown for deg. in Fig. 87, that is, for the instant 
when the current in the B phase is at its plus maximum value 
ancl the currents in the A and C phases are at minus one-half 
their maximum values. Of course, any other position could have 
been chosen for conducting the investigation, but the values for 
the deg. position are convenient ones to use when plotting the 
results. 
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Effect of Chording Shown Giaphicall;. 

Since one of t)ic <.'f^c1:t!^ of roounnccting for a tiilTerout Dumber 
of poIi» is t« iilTftil th« "clioni"' or (hrow of the coil, lyt iis con- 
Bjclep first the efffict of "chordiog." Pigs. 88 to 9S inrlusivc 




show the magnetic field constructed, as explained in Chapter II 
for a 54-elot three-phase G-pole winding when the throw of the 
coil is changed one slot at a time from slots 1 and 10, as in Fig. 
94, which is full pitch or 180 deg., down to slots 1 and 5, as in 
Fig. 95, which ie leas than half pitch; or to be precise, 80 deg. 
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The Bame magnetizing current is assumed to flow in the coils in 
all six cases, although in an actual machine this would not be 
the case; the ma^etizing current would increase with decreased 




(a) ♦ = + 1.0 Ampere, Phaao B 
(b)O--0.S " » A 

tc)O--0.5 " n C 

—Magnetic field if winding in Fig. 94 is cliorded to slots 1 and 8. 




Fia. 91.— Similar to Fin. 90 eicept ohorded to alota 1 and 7. 



throw of coil due to the attempt of the motor to keep the field at 
the constant value necessary for the generation of the required 
t>ack or countei^ectromotive force. To facilitate comparison, 



,^ 



^Yr 



K, 



^ 






- & 



n Fie *tt- 



1, fakving tiic siue aliape. siuiv tiir ftdds t>f> iJie.v lonk afl^o* 
9 IBKiotiiod out by tlM' currents in tbc rotor windtrqt. It 
be noticed thai lite area of thv ^elil for one pok' is. iiivoit In 
1 vaat Aod tlut il ^'u^il:e frotu 32 for full pHah in Fig. 8S, 
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down to 20 in Fig. 93. These areas correspond to what is 
known as the "chord factor" of the winding. In the earlier 
part of this chapter it was stated that the chord factor for a 
chorded winding could be expressed in its effect on the magnetiz- 
ing or no-load current and in its effect on the generated or counter- 
electromotive force by the mathematical value of the sine of 
one-half the electrical angle spanned by the coil. This relation 
is shown in the following table: 



Figure 



88 
89 
90 
91 
92 
93 



Table 1. — Chord Factors for Various Angles 

Angle .panned by ' Sine H*. or chord ' ^*fi°i^?S!!^ ^f °/™X^«1hf 
coil - a deg. I factor , P^^ ?57.^.i~°^ : P°fe .55*^*^55^^^ 



ISO 
160 
140 
120 
100 

so 



1.000 
0.985 
0.940 
0.866 
0.766 
0.642 



chord factor 

32.0 
31.5 
30.1 
27.7 
24.5 
20.5 



from neure 

32 
31 
30 
27 
24 
20 



The sUght difference between the last two columns in the table 
is due to the area under the ** stair step" curve not being quite 
the same as the area under the corresponding smooth sine curve. 
The chord factor as shown in the third column at once indicates 
two facts: First, that if the winding is chorded more current will 
have to flow in the windings to produce the same magnetic field 
strength; and second, that since the generated or counter-electro- 
motive force in the windings set up by the rotating magnetic 
field is reduced through chording by the amount indicated by 
the chord factor, it is necessary to have a stronger magnetic 
field in the motor if it is to operate at the same voltage when the 
coil is chorded up. The way this shows up in reconnecting 
for different numbers of poles, when the reconnection causes 
chording of the coil, is that the same effect is produced as would 
be if the motor were connected to a higher voltage. This will 
be explained fully in a later chapter dealing with the practical 
application of the principles presented in this chapter to the 
actual work of reconnecting. 

An examination of the shape of the magnetic field indicates 
that the effect of chording is to flatten the top of the field and 
make it lower for the same pole span. In Fig. 96 is shown the 
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rcotUHsoting tiin winiling of PiRi!. 8S add 94 for lour 
[loles i&Biead of t>ix. T!it> mediaDiGal riimw ctf tliQ uoih iu sUll 
1 mid 10, but the polo arc in hugcT for four polos, hont-e, the 
coil in actually chorckd to 120 cileclrical degrees for four poles, 
Although it wiie full pitch, or ISO dcj;., when cotmiacted for six 
poles. It will bfi noted that with the 0-pole wicdinK, Fig. 88 
tJw entire area of tho polos ie 6 X 32 = 192, but that for ibc 
4-pol6 winding, Fig. 96, the area is 4 X 61 = 344. In the 4- 
pole winding, the epGiid of the rotating field is 1.5 timcfi that of 
tho 6-pole one, and it would therefore seem reasonable that with 
th« »aoH) maKoetic field density iu tlic air gap and ihc same 
current* in the windings, the horsepower when connected aa a 
4-pole machine should be 1.5 times that of the G-poki rating. 
However, since the coil throw on four poles is only 120 deg, the 
chord factor is smo of 00 dog. = 0.860 and tho rating will be 
reduced by this fact so that only 1.5 X 0.866, or about 1.^ the 
6-pole horsepower can be expected. The total areas of the two 
fields as previously noted— namely, 244 and 192 — have the 
relation ^''Kaz = 1-27, which is very close to 1.3, so it follows 
that a close approximation of the output to be expected from 
a reconnected motor can be obtained by this simple method of 
plotting the magnetic fields and comparing the areas. The 
difference in the saturation of the stator iron would affect this 
re-sult to some extent, but usually not enough to introduce a 
.serious error. 

In Figs. 97, 98 and 99 is shown the effect upon the magnetic 
field of reconnecting the winding shown in Figs. 8S and 94 for 8, 
ID and 12 poles, respectively. The effect of chording becomes 
more pronounced with each step, and the decreased area of the 
magnetic field shows that with the decreasing speed the horse- 
power decreases also until finally in Fig. 99 an impossible con- 
dition is reached under which the motor could not run at all, 
since the throw of the coil is exactly pitch for 6 poles aud therefnre 
substantially Ijecomes dead when connected for 12 poles; or 
putting it another way, the throw of the coil is such that when 
there are 12 poles both sides of any given coil he in exactly the 
same polarity; one side is under a north pole and the other, 
instead of being under a south pole, readies clear across and hes 
under the next north pole, so that the counter-electromotive 
force, which la generated in one side of the coil, is exactly balanced 
and Qcutralized by the voltage generated in the opposite side 
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Fig. 99 explama why this is true and why such a reconnection is 
not feasible. 

In Figs. 100 and 101 is shown a very interesting comparison. 
Fig. 100 shows the result of reconnecting the 6-pole winding of 
Figs. 88 and 94 for two poles. Ordinarily, this would not be 
possible because a 2-pole motor would require about three times 
the radial depth of iron behind the slots as is required by a 6-pole 
one; but assuming for illustration that such a reconnection had 
been attempted, the field would have the appearance shown, and 
it will be seen that the area of one magnetic pole would be 142. 
Suppose, on the other hand, that instead of reconnecting, the 
motor had been rewound with coils having a throw of 180 deg. for 
two poles or full pitch, as shown in Fig. 101 ; then the area of the 
field would be 284 for one pole or just twice the value for the 
reconnected motor. Since, as has been shown, the comparative 
areas of the two poles are some measure of the output to be 
expected, it can be at once concluded from Figs. 100 and 101 
that the use of a new set of coils would double the output of the 
motor and that it would be poor economy in such a case to re- 
connect mstead of rewinding. 

The comparisons made give a good idea of the effect upon any 
motor of changing the throw of the coil. The main value of the 
latter idea is that it is often possible when reconnecting a winding 
to assist in getting normal conditions in the winding by changing 
the throw of the coils by a slot or two in a certain direction. 




EFFECT OF VOLTAGE ON WINDINGS AND POSSI- 
BILITY OF CONNECTING A WINDING FOR 
MORE THAN ONE VOLTAGE 

ChanginK the wiodiDg connections uf induction motors to 
ftecoinniotiat>e a chiuigcd volt-age supply is more often considered 
and accomplished than any other winding change. As was sug- 
ll^t«d in an earlier ohaplPt, this may arise from the purchnsd of 
a mred motor, a change in power supply from an isolated plant to 
central-station power, the remodeling of an old distributing sys- 
tem or in other similar ways. It wag stilted in Chapter IV Ihat 
other changes, whether of phase or frequency or speed, could be 
considered as voltage changes and so worked out. This chapter 
outlines the conaiderations involved in the simplest form of 
voltage changes, thus establishing a basis for the solution of 
changes in the other characteristics. 

In changes of voltage there are two main conditions that have 
to be met if the operation of the motor is to be kept normal. The 
first is to determine whether flie insulation on the winding is 
proper for the new voltage that is to be used, and the second is 
how to adjust the number of turns in series in the winding, so tliat 
there will be substantially the same voltage per turn or per coil 
in the winding as existed under the original voltage. It is as- 
sumed that there is to be no change in the frequency of the supply 
circuit, the throw of the coils, the number of poles in the winding, 
the horsepower output or the number of phases. 

Checking Insulation for New Voltage, 

In considering the insulation alone, if the new voltage is to 
be lower than the old, no further attention need be given this 
point other than to determine that the insulation 18 mechanically 
in good condition and clean and dry. If the new voltage is 
higher than the old, the amount of insulation must bo considered, 
and if there is any question as to this, it should be settled by the 
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insulation tests described in the following^ before proceeding with 
the actual work of reconnection. This may sometimes save 
work that would otherwise be lost by discovering too late that 
the insulation is inadequate for the new conditions. 

In many cases suitable facilities are not available for makmg 
either of the insulation tests described, and it is well to have some 
general information on the standard practice followed by good 
manufacturers with regard to insulation. There is an old saying 
among insulation engineers that "a winding that will stand any 
insulation test at all will stand 1000 volts." Like most general 
statements, this is not strictly true, perhaps, but it brings out 
the fact that the insulation for all voltages up to 750 volts is 
practically the same and is determined more by mechanical 
strength than by strictly electrical considerations. This means 
that usually a 110- or a 220-volt machine will be all right on 
440 or 550 volts provided the number of turns in the winding is 
suitable for the higher voltage. 

Sometimes the insulation for 550 volts is increased over that 
for 440, but most 440-volt insulation will stand 550 volts if in 
good condition and the operating temperature of the machine is 
reasonably cool. Voltages between 550 and 2200 are seldom 
met with commercially, and the caution which needs to be ob- 
served is that machines wound for 550 volts or below should not 
be operated on 2200 volts even if the number of turns in the coils 
could be properly arranged. However, there is no reason why 
machines built for a higher voltage should not be operated on a 
lower. The only handicap in such a case would be that the tem- 
perature would be somewhat higher, owing to the insulation 
being heavier than would be required for a machine normally 
wound for the lower voltage. In order to indicate the limits on 
different classes of insulation, the following shows broadly the 
classification followed by many manufacturers: Class I, up to 
and including 500 volts; Class II, from 500 to 1200 volts; Class 
III, from 1200 to 3500 volts; Class IV, from 3500 to 6000 volts; 
Class V, from 6600 to 8000 volts. Very few induction motors 
are built at voltages higher than 6600. 

The general statement may be made regarding these classes 
that any machine of a higher-voltage class may be operated on a 
lower voltage, but no machine in a lower class should be operated 
on a higher voltage than its own class. 
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Utloa Tests. 

Where a reforeoco to clasBificstioo will not' settle ihls maiter 
or Ibcrc arc a number of iicils involved and thv posislU)i(y of 
recotutectioQ is serioits, tests should be made. The insulation of 
electric machineti may be tested in two waj's—one inrnvHure:^ its 
slulity actually to withstand the voltage strains that occur be- 
tween tile parrs of the winding and the ground, and the second 
dctonaiocs the condition of the insulation as to drj-ncss and clean- 
lincffl. The first is called a test for dieleclric strougth and is 
performed by applying for one minute, between the winding and 
fiie ground, an altcjuating voltaKB ecjual to twice the normal 
voltage of the circuit to wliidi the apparatus is to be uounccted, 
plus 1000 volffl.' 




The second teat is called a test for insulation resistance and is 
usually made by applying a direct-curi'enf, voltage of 500 volts 
between the conductors in the winding and the ground, having a 
direct-current voltmeter of high internal resistance in series with 
the insulation. Since the insulation is in series with the circuit, 
there will be practically no current flowing, but the direct- 
current voltmeter will show a slight deflection and the insulation 
resistance is measured thereby. The arrangement of this test 
is shown in Fig. 102. 

Then the insulation resistance R of the winding under teat is 
given by the following equation: 

where 

r = internal resistance of the voltmeter, which must !«.- known 

and is usually given by the maker; 
E = direct-current voltage which is used for tJie test; 
e = reading of the voltmeter. 

' BtaDdardizatiaii I{ulea of the Aiiier. lost, of Elec. Eop's. 
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For example, suppose (he values for the test are, E = 545 volts, 

r 1. 1 r.^^^ !_ mi o (545-5)55,000 

e = 5 volts and r = 55,000 ohms. Then li = - '-' - 

= 5,940,000 ohms, which would indicate that the insulation was 
in good condition. 

This test is of secondary importance as compared with the 
test for breakdown under high-voltage alternating current, since 
the insulation resistance can be considerably increased by baking, 
but this gives no real increase in the actual ability to withstand 
voltage strains. Commenting on these two tests, the standard- 
ization rules of the American Institute of Electrical Engineers 
says: "The insulation resistance of a machine at its operating 
temperature shall be not less than that given by the following 
formula: 

Insulation resistance in megohms = 
Normal terminal voltage 

Rated capacity in kv.-a. + 1000' 

a megohm being 1,000,000 ohms and the symbol kv.-a. or kilo- 
volt-amperes being the voltage of the machine times the full- 
load current, times 1.73 if three-phase, or times 2 if two-phase. 
A general rule is that machines up to 1000 volts should show 
somewhere near a megohm. The Institute rules say further: 
''It should be noted that the insulation resistance of machinery 
is of doubtful significance by comparison with the dielectric 
strength. The insulation resistance is subject to wide variation 
with temperature, humidity and cleanUness of the parts. When 
the insulation resistance falls below that corresponding to the 
foregoing rule, it can, in most cases of good design and where no 
defect exists, be brought up to the required standard by cleaning 
and drying out the machine. The insulation resistance test may 
therefore afford a useful indication as to whether the machine 
is in suitable condition for the application of the dielectric test." 
These two tests indicate a method of settling any doubt as to 
whether the insulation on a machine is suitable for a new voltage 
higher than the old. The method of procedure would be to see 
that the windings were clean and dry and free from grounds, the 
latter point to be determined in the usual way with a 110-volt 
lighting circuit or by "ringing out" with a magneto. If the 
winding shows clear of grounds the insulation resistance should be 
measured with any convenient source of direct-ourrent supply, 
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preferably Sty] volts. If Uie Inmilatian ivastuaco is up to or 
iioyond the value specified by ihe A. I. E. El. fi>rmiila, the windinR 
may be given Llic furthi>r dielectric or tirrJikdou-n t«8l. for oon 
nunutv w th tugh-vnllaKe alierriating correul pruvid^ a?uiuibte 
small tCEdog tmosrormcr U uvnllablo. In making thu tuvl gnuat 
(tare ahoiild bn used in bandlinfc Lbe high vollajre lo guard ajtainat 
persoDal injury und alwj a suitable cireuit-breakw «huuld be in 
circuit which will open if the inBulation breaks duwn. 
Volts per Tom. 

Assuming tJiat the queation of the adequaoy of tJie instilatiou 
ia BcLLlcd, the soi:ond main considuration in rdl voltugc changes 
may be taken up. This is the question of rearrannintt the coils or 
eoil groups in the windings ao that the voltngt' on each coil under 

" - 4-« «i/W ^ 

Fic. 103, — Four 110 volt ooila eonnocted in seriea Baroas 440 volU. 



A-f-^JSJOM-s 

e ooils connected Fia. 105. — Same coila i 

ro parsllela aorost DeoLed four in parsllal ao 
ItO vulta. 



the new conditions may be subBtantially the sanie as under the 
oriiiina!. In this regard an induction motor is similar to a trans- 
former. It is designed originally for a certain voltage across 
each coil or group of coils. These coils or groups may be ar- 
ranged in seriea or in various parallels to accommodate different 
line voltages, and so long as the voltage across each coil reniaias 
at the figure originally calculated, the operation of the motor will 
he normal in all respects. This can be shown graphically a.s in 
Figs. 103 to 105. In these figures A-B represents one phase of a 
two-phase, 4-pol6 winding. It will be seen that the voltajte 
across one pole-phase group, or A'-K, is 110 volts at all times. 
When the motor is connected for 440 volls, Fig. 103, all four 
pole-phaso groups arc in scries. When tlie line is 220 veils, 
there are two parallels with two pole-phase groups in series in 



l- //BiAiUs -a- 
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each parallel, Fig. 104 When the line voltage is 110 volts, aU 
four pole-phase groups are m parallel and each group is across 
the line, Fig 105, amce each group has within itself the proper 




Pia. 108. — Four-pole, four parallelB. 
Fioa. 100 to 108- — DiSarent Kroupinss of a two-phase, four-pole windinE. 

number of turns for 110 volts. Figs. 106, 107 and 108 show a 
24-coil four-pole two-phase winding connected in series, 2 par- 
allels and 4 parallels respectively, as shown schematically in Figa, 
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103y 104 and 105 respectively. If the connection^ Fig. 106, is to 
operate on 440 volts, for 220 volts the winding will be connected 
as in Fig. 107 and for 110 volts as in Fig. 108. 

The foregoing is very simple and is all that need be borne in 
mind for changes of this nature. One caution needs to be ob- 
served, and that is to handle the pole-phase groups as units and 
not attempt to split them in the middle again — to make 8 par- 
allels, for example, for a 55-volt connection. Such attempts re- 
sult in improper connections as will be pointed out in Chapter 
IX Fig. 140. If the number of poles is divisible by 3 or 5 or 
7 corresponding numbers of parallels may be made, which is often 
convenient. 

For example, if a three-phase six-pole 2200-volt motor is to 
be reconnected for 440 volts, it may be connected 3 parallel delta, 




FiQ. 111. FiQ. 112. 

FiGB. Ill and 112. — Equivalent voltage for star and delta connection. 



Fig. 110, and would give 423 volts, if it had been connected series 

2200 
star, as in Fig. 109, on 2200 volts. The quotient of » ^ yo = 

423; the 3 comes from the 3 parallels and the 1.73 is due to chang- 
ing from star to delta. The latter change is one of the advantages 
or points of greater flexibility of three-phase over two-phase. 
This is illustrated in Figs. Ill and 112. The "star" diagram 
shows the winding connected for a line voltage of 440. The 
voltage which then exists between any lead and the star point is 
254 volts, as shown on the B phase. Since this is true, the wind- 
ing can be connected in delta as shown in Fig. 112, and operated 
on a line voltage of 254. This change is sometimes made to 
operate a 440-volt motor on 220 volts, but since 254 volts is 
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EFFUCT OF VOLTAOS O.V WINDIXGS 

DOnuol, the dt)l(a-coiin«<ited winding «il) compare vnth the dtjir 

'2-M 
winding as thoueh opcrste<) on .ji. of nortiuil voltiigc. orS" per 

oi>nt. Many motors haw suiDdcut luaifiu to suuid this n>duc- 
(ion, btit. the copper beating wiU bo <£ us great nod th« etnrtinx 
ood tDoxiiDum tiirquce »nly ^ at Krvat fia on ihe winding con- 
nwted ID sUf and nui oa 440 volu. 

Chjingps of this a»turo i'jxa bn suiomed up in ronveoieot form 
a» in Tabiea 11 and III for three-phase and lwt>-phase motors 
rcGpcctivdy. // » tnolor cmnucted originally as shotm in any 
kornontal column fioi n volUtge i>/ 100, iia woUag^ icAen rccOTi- 
Mded, OS indicated in. unv ivrftoal column is sAffira at Ote intef' 
section c/ the two r ojumns. 
I'juiLB IL— CouPAiusuK nr Motob Voltaqbe wttb VAKiotiB TmtKM- 
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General Tables Covering All Voltage Connections. 

The figures in the tables should be considered as percentages or 
comparative values rather than actual voltages. For example, 
in the case just cited, of the 2200-volt motor to be reconnected for 
440 volts, assume that an inspection of the existing winding con- 
nection shows it to be series star. Since 440 is 20 per cent, of 2200, 
the problem resolves itself into howaseries-star connection may be 
changed so that the resulting voltage will be 20 per cent, of its value. 
Looking at Table II, locate the horizontal Une reading "series star," 
or the existing connection. Since 20 per cent, is required, read 
along the same horizontal Une till the figure 20 is reached. This 
is found under the vertical heading "5 parallel star." In other 
words, if the number of poles is divisible by 5, the winding can be 
put in 5 parallels and operated on 440 volts, since 2200 -^ 5 = 
440. Since six poles were assumed, the number of poles is not di- 
visible by 5 and a 5-parallel connection is not possible. A further 
search across the table shows the figure 19 under the vertical 
heading ''3 parallel delta"; 19 per cent, of 2200 is 418, which is 
95 per cent, of 440. This varies from the figure 423 previously 
mentioned, for the reason that the table is made to the nearest 

whole number and «^ ^ .. ^o = 19.2 per cent. It will be near 

enough right to reconnect in 3 parallel delta and operate on 440 
volts. Similar problems can thus be solved by inspection, mak- 
ing such a table a very convenient reference. In Chapter VI 
this table will be elaborated and combined with changes in phase 
also, thus covering a large percentage of the possible changes 
in windings at a glance. 



HOW THE NUMBER OF PHASES AFFECTS THE WIND- 

MGS AND THE RESULT OF CHANGING VOLTAGE AND 
PHASE AT THE SAME TIME 

It was ahonrn in Cbapter V that cliftngee id voltnge of tJic 
supply cirruil can be taken core of with cooiparativo eaae and 
BtmpUuity by tltc proper changes in connection tif tJie motor wind* 
Eogs, pnividt^ that the maximum numtier of lurns which can be 
placed in senvs in the coils ia equal to or greiiter than Uie number 
required under the new conditions. For example, a 220-volt 
motor may be reconnected for 440 volts, provided the winditigs 
ean be so arranged that there will be twire as many turns in 
series between the terminals of each phase as there were with I he 
original connection. These changes, when possible, offer no 
particular difficulty. 

On the other hand, changes in the number of phases of the 
supply circuit are usually difScult to accommodate by chaiif^s in 
the motor conneelions aud many times when they can be ai:- 
oomphshed are attended with a loss in capacity of the motor or a 
serious reduction in the excellence of the motor's performance as 
regards torque, heating, power factor and efficiency. 

Changes in Phase. 

By far the commonest change of this nature is changing from 
t wo-phase to tliree-phase and vice versa. Of the two changes, that 
from two-phase to three-phase can more often be taken care of 
for the reason that a normal two-phase motor has approximately 
25 per cent, more turns in series in its windings than a three- 
phase motor of the same characteristics. Thus it is usually 
possible to cut out 20 per cent, of the turns in a two-phase wind- 
ing, leaving them dead, and have left the proper number of turns 
for the corresponding three-phase winding. However, in going 
from three-phase to two-phase a corresponding increase of 25 
per cent, yf the total number of turns in series is required; and 
if tb« three-phase win^iPK as >' stood bad all the turns in series, 
87 
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any further increaae ia not possible and a set of Dew two-phaee 
coils will be required. 

There are three methods of reconnecting from two-phase to 
three-phase, which are here given in the order of their desirability : 
(1) Twenty per cent, of the coila are cut out and left dead and the 
motor operated on 80 per cent, of the two-phase turns; (2) the 
number of coils is not changed, and the coils are reconnected 
according to the proper digram; (3) a "T" or Scott two-phase 
to three-phase connection is used. 



Fio. 113. — Normal two-phase, sis-pole Miies connocUoo, nine coils per group. 
None of these is ideal, and in general it is a good investment to 
rewind the motor with proper three-phase coils. In the first 
method it must be borne in mind that the full-load current of a 
three-phase motor is , -^ or about 115 per cent, of the current 

in a two-phase motor. This means that for the same heating the 
horsepower output when reconnected for three-phase can only 
be in the neighborhood of 87 per cent, of what it was on two- 
phase. This loss of 13 per cent, of the horsepower when capital- 
ized in the proper manner will be found to pay a high rate of 
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the moD^ thai wwAi he invBted is a bob acK tf 
«BJit fnr BOful ibree-phise e^MOQao «iu«li vooM «rv« the 
lMM»vap» output Bs t^ asif>aal uro-piwac windiae. 
AaeilMr -wmf of aornnf « tbe ionsfwatt coodaBeo is as <bl- 
lorsc: If tiae-ezlh of liw tvo-^dMse ootb an to be cot oat of oi^ 
ctM afid Wt dead, at shiwn in Vi^ 114. t^ anount «f m^iw 
copper s fgdacgd hy tbe aame ptrocnta^: and it nuj^t be »- 
pecced tlttt tlte bonepoirei- oaijait inrald be n&uUrl^ rfdiuvd, 
vUcfa » liie case. Ttos i&etlwd rf mttmoKHio^ (rom two^lusr 




Pra, 114. — Wiadia^ of Fig. 113 racuaoeowd lor tki««-p)wac by Invlna "dMul" 

to three-phase is ehown in Figs. 113 and 1-14. Fir. 1 13 showa a 
winding with 108 coils connected in seriw for lwi>pliasc and six 

108 
poles. There are 2 X 6 = 12 pole-phase groupa and ■.>*'* 

ooib tD each group. As already stated, if this winding is to bo 
reconnected for three-phase, six poles, there should bit only 80 jiw 
txni. as many coils in scries in Ihe winding, or 0.80 X 108 ~ 86.4 
ooUs. 
Since there are to bo 3 X 6 = 18 pole-pliaid- groups iu the now 
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connection, there should be the same number of coils in each 
group; the nearest integer is 6, and 5 X 18 = 90 coils, which will 
be used instead of 86.4, which is theoretically correct. This 

leaves 108 — 90 = 18 coils dead, or 1 dead coil in each group, as 

90 
shown in Fig. 114. Since .^^ = 0.833, then 83.3 per cent, of 

the coils are active instead of 80 per cent., and this will have the 

80 
effectof operating a three-phase motor on ^««> or 96 per cent. 

of normal voltage, as compared with the two-phase motor. The 
starting and maximum torques of the three-phase motor will be 



about I oQ Q ) = 92 per cent, of their value on a two-phase 

connection; but this is sufficiently close for all practical purposes, 
especially as the horsepower rating will have to be reduced 13 
per cent., as stated above, if the original maximum heating in the 
stator coils is not to be exceeded. A comparison of Figs. 113 
and 114 indicates that the position of the coils, which are specially 
insulated to stand the voltage between phases, will have to be 
changed. This was mentioned in the Chapter IV under "phase 
insulation.'* 

A consideration of the fact that there are 18 dead coils in the 
three-phase winding which are active on the two-phase con- 
nection suggests at once that if the reconnection was attempted 
from three-phase to two-phase there might in many cases be in- 
sufficient coils to put in series for the two-phase connection. If 
the coils are regrouped for two-phase and run on the same volt- 
age, the motor shows all the signs of a machine operating on 
25 per cent, overvoltage and may even overheat when running 
light and not connected to any load whatever. On the other 
hand, if a two-phase winding is regrouped and operated three- 
phase on the same voltage without cutting out any coils, as ex- 
plained in connection with Fig. 114, the three-phase motor shows 
all the effects of a motor operating on 80 per cent, of normal 
voltage; that is, the starting and maximum torques will be con- 
siderably reduced and the heating increased. These two latter 
conditions are covered by the second method of reconnecting 
listed in the foregoing — namely, changing the grouping and con- 
nections properly, but neglecting the change in the total number 
of coils in series. 

The third method occasionally employed is that of making a 
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"T" oonDooiJon of Ihft uro-pbase windings or a Soott oonneoiion 
tnside the motur uid opcruting Lbc rcsulii&g windirg on b ttu«e- 
pltoM eirt-mt. Tlua sliould not l>e tvnfused with tJie use ct Seott 
CQonectod tronEformera for ebancinc from tvo-i^aiw to tixrof*- 
phase OT Tioo versa. The iatl«r nmy he an t-jwrllcjit ^ilulivin in 
mftoy cases orhere tbere are eevi!nU motfire od'octed by Uie change 
io phuse. Let ua assume, for exoiuiilit, tiial u user of motors has 
15 machioeE of -various eiiw from 1 to 50 fap,, which hsi'c been 
operating from his own R(«am-driV(^a pliuii at tWivphasc, 220 
volts. He decides to piirnhuse puwvr from a neigtilxiring dis- 
uibutiuo F>-5t«ni at three-phase, 230 volts. It is a matter of 
eoDsderable axpen^c to rewind all the motors for thrco-phusci 
and if eimply reconnected the losses on the rated capacity are as 
pruvjougly suggested. In uddilion, ii is dei^ircd to hold Ihc old 
gentaatiog plant as a Btaod-bj-, in rase nf iutemipiion (o the 
purchased service. All these restdt* can be serured by pulling 
in transformers equivalent to 50 or 60 per cent, of the capacity 
of motore installed and by means of a Scott connection on the 
transformers operate tJie two-phase motors from the three-phsise 
supply in a perfectly normal manner. This is one vpTy neat 
solution for a problem in reconnecting induction motors which 
does not involve any reconnection whatever. 

On the other hand, assume that in the same plant the genoraf- 
ing system has broken down and, in the emergency, power can 
be purchased from the same neighboring power line at three- 
phase. There is no time to secure tr-insformcrs, and there la no 
time lo secure three-phase coils for the motors — it then becomes 
essential to make some kind of reconnection so that the two-phase 
motors will operate on three-phases. One of the possibilities in 
such a case is a Scott connection inside the motor winding ilMclf. 
This is shown in Chapter IX and Fig. 115. 

Table IV shows comparative performances of a two-pliase 
motor reconnected for operation on three-phase by a "T" con- 
nection and the performance of the same motor when supplied 
with new three-phase coils and connected in a normal thrct^- 
phose manner. 

In order to make this connection flear, Fig. 116 shows tho 
windings on the motor connected for two-phase, and Fig. 117 
the motor as reconnected with a "T" connection, corresponding 
to the schematic diagram, Fig. 116. 
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Tablb IV. — Comparison or a Two-phasb Motor Connbctbd "T" to 
Operate on Three-phase with Normal Three-phase Winding 



Full-load efficiency 

Full-load power factor 

Starting torque 

Maximum torque 

Deg. C. Rise at Full Load : 

Stator copper 

Stator iron 

Rotor copper 



Normal 

two-ohaae 

winoing 



88.0 
89.0 
1.75 
3.3 

22.5 
20.0 
22.0 



ThiM-pliue 
connection 



86.9 
84.8 
1.20 
3.17 

32.0 
32.5 
30.0 



Normal 

three-phaM 

winding 



88.5 
90.0 
1.94 
3.3 

21.0 
19.0 
22.0 



8 Coils 8 
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8 8 8 
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V 



86 



VcoV 



4/ 



w 



^B 



FiQ. 115. — Schematic diagram of "Tee" connection. 

The principle of the Scott connection is well understood and 
explains the reason for omitting the coils in one leg, as indicated. 
It may be of interest, however, to consider what would happen 
if these coils were not omitted. This is indicated in the voltage 
diagram, Fig. 118; BB represents the voltage generated in the 
phase B\B^ of Fig. 115, by the rotation of the magnetic field 
and AC the voltage generated in the phase A\A%. The result is 
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Ill, while CA would be 100. lliis wiiuld lK>r()MiviUi>nt lolittvinff 
oD« alternalJng-cuTKnt i!ci)crator represontinR Lho linw with 
bftlnnced voltages of lUO each, or Ali, BC and r.4 i^onnnotinl ih 
parallel with anoiber, alteriuiUQ)C-<'iirrciit K^ucrator rcttrwriiLins 
the motor windinj^s i\nd havtiifi; unlmJancod voIlaKv^, AK. KG 
and CA of 111, 111 and 100 respeclivply. Tho rpmill. of rliin 
would be a componfcut BR efiiial ta 14, which would npund ilwlf 
driving useless wattless currents through tho motor wiiidinitn 
in an effort lo balance properly the voltaRca and iiiako thoiii oqual 
to AB, BC and CA. The immediate rvsult of thin usgIihu cuiv 



04 



CONNECTING INDUCTION MOTORS 



rent would be to increase the heating of the machine and de- 
crease its torque and efficiency and power factor. 

It is characteristic of an induction motor that it always makes 
this attempt to balance by circulation of wattless current any 
eccentricities either existing in its own windings or in the circuit 
to which it is connected. At times when such eccentricities exist 
in the stator winding, there will be wattless currents flowing in 
the rotor winding trying to correct them through the medium, 




Fig. 117. — Winding of Fig. 116 reconnected "Tee" for throo-phase, so-called 

top to bottom" connection. 



it . 



always, of the rotating magnetic field. At other times when a 
power circuit of relatively large power is somewhat unbalanced 
and is connected to an induction motor, the motor will take upon 
itself the burden of correcting the dissymmetry of the entire line 
with disastrous results to the motor from overheat due to exces- 
sive corrective currents, although the motor may have been 
running idle at the time and developing no actual power. 
This explains why the coils are cut out of one phase, as shown 
in Fig. 115. 
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Poor Results of the "V ConnectioD. 

The ruoAun for the cumpArutivuty poor rcsijllfl on l-ba "T" 
ixinDecliuu, as shown iu Table IV is that tlio niator ins con* 
neoted us shown in Fig. 117. Thv reauU of thu coonoctioo, 
if ihu air gap woa out absolutely the same all arniind ihe rotor, 
vould be to make AD and DC in P^. IIS UQequiiJ; and a. volugo 
duigram, as shown in Fig- 1 19, might result. When the Toliago 
triangle A'B'C of Fig. 119 is conuettod lu pandld with th« 
symmetrical iiite triangle represented by ABC in Fig. US, liie 
raault is that corrective current n-ill Oow and thi!«c oorrcct.ivc cur- 
rents pull down the performance, bs ahown in tbe table. A much 
l»tter connection is the one sliown in Fig. 120, since this willtmve 
a tendency to keep tbe point D in Fig. 118 in the middle of the 
aide AC and not let it he moved to one side, as in Fig. 11!'. 

A eompurieoD of Figs, 117 and 120 shows tliat in Fic- 117 thii 
hivlf legs Atlii and jBi-4i of the .4-plitt8e, reprKwntcd by AO and 




DC, Fig. 118, each contain both north and soutli polar groups, 
while in Fig. 120 the half legAiBi, represented by AD, Fig. 1 18, 
contains only north poles and B1A3 only south poles. The result 
of this is that if the rolor is displaced slightly in the stator bore 
from any cause, when the motor is connected as in Fig. 117, it 
may narrow the air gap opposite to BiA^and widen it opposite to 
AlBi, which means the field will be stronger opposite BjA^. 
Consequently, thevoltagegeneratedin this section will be greater, 
as represented by D'C in Fig. 119. However, when connected 
as in Fig. 120, no matter if the rotor is near the stator at some 
point, it cannot affect any north pole withotit affecting the 
corresponding south pole, since all the lines of force that start 
out from a north pole must return through a south pole. Since 
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the legs A iBi and BiA % are eo arranged that one haa all the north 
poles and the other all the south poles, this means that they will 
be affected exactly alike by any displacement of the rotor, and 
the voltage in the two sections will be maintained equal as 
represented by the lines AD and DC in Fig. 118. Therefore, 
in connecting a two-phase motor in "T" for operation on three- 
phase a diagram similar to Yig. 120 should be used, in which case 
the three-phase results will be much more favorable than shown 
in the table. 

The statement has been made above that the winding of a. 
normal two-phase motor has approximately 25 per cent, more 



Aj^i 




Fio. 120. — Preferable 



turns in series than the corresponding three-phase motor. This 
is, of course, true only if the turns are all in series in either case 
and the three-phase motor is arranged for connection in series 
star. If the three-phase motor under consideration is connected 
delta instead of star, it should be thought of as a star-connected 
motor at a corresponding voltage before reducing it to terms of a 
two-phase winding. For example, if a motor is connected series 
delta for operation on 220 volts, it could be reconnected seiiea 
star and operated on 1.73 X 220 = 381 volts; or connected for 
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bro-phose, it would be Buitabltj for appniximatjily 80 por cent. 
of 381 volts, or 305 volts. It will thua be seen llial a delta-coD- 
ocotod throG-plittso motor when reconuei:tcii for two-phaso Ims 
about 38 per cent, more turns in aeriea than are actually required, 
ami this condition will have to be bttlunccd up by some one vt 
the various Sfilienies sUKK<''Stec). 

In general, manufacturens pri^fcr a star to a delta connuolion, 
fur the reason that the delta comiection requires 1.73 times as 
many turns for the same operating voItaRc and these turns are 
of a correspondingly smallei^aizcd wire. The groittcr numlicr uf 
turns of smaller wire is an objectionable condition for several 
reasons, among which may be mentioned that more space is oc* 
cupied in the i;lot.s byinsulation, leaving less for copper; the coils 
mechanically arc less rigid and self-supiwrting; the smaller-sized 
wire costs more per pound and the same number of pounds arc 
required; and it is more expensive to wind a coil with a greater 
number of turns. For these reasons, if there is no other good rea- 
son to the contrary, a three-phase winding is apt to be arranged 
for star connection. 

It oft^en happens that in changing the winding of a motor to 
accommodate a change in the number of phases, it is necessary 
to arrange for a change in the operating voltage at the same time; 
as for example, changing a tlxree-phase 440-volt winding to 
operate on two-phase 220 volts. Reference was made above to 
the fact that on a given winding the normal three-phase voltage 
would be 125 per cent, of the normal two-phase voltage. Ex- 
pressing the same condition in another way, if two motors that 
are otherwise identical are made to operate on the same voltage 
except that one is two-phase and the other is three-phase, the 
three-phase winding will have only about SO per cent, of the 
number of turns in series that are necessary in the two-phase 
winding. The foregoing is on the assumption that the three- 
phase winding is star-connected, wliich is usually the caae, This 
fact permits one very convenient reconnection of this nature; 
nairiely, the one where a two-phase 440-volt winding is to be 
reconnected for three-phase 550 volts or vice versa. 

Since 440 is 80 per cent, of 550, the number of turns in series is 
exactly right for either the two-phase or the three-phase com- 
biniition, and the only thing that has lo be done is to regroup the 
coils for the proper number of pole-phase a:roups, which in a 
three-phase motor is 50 per cent, greater than in a two-phase, 
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and to shift the so-called "phase coils'' or coils with heavier in- 
sulation to their proper positions at the beginning and end of 
each pole-phase group. Other combinations of change of phase 
and voltage are met with, and it is useful to make up a table such 
as Table V, which indicates at a glance the possible changes 
between two- and three-phase, star and delta, series, 2, 3, 4, 5 
and 6 parallels. 

Phase Changes and Voltage Changes Combined. 

This table is a combination of the two given in Chapter V under 
voltage changes and shows the combination of phases as well. 
The manner of using this table has been explained under voltage 
changes, but further examples will be given here showing the way 
to apply it, since it gives a ready answer to practically any ques- 
tions that may be asked regarding the possibility of changing 
windings when a change of voltage or phase or a combination of 
the two is involved. It will be noticed that the table as ar- 
ranged is really given in percentages. That is to say, the original 
connection on the motor is called 100 or assumed to be good for a 
normal voltage of 100, and then if the winding is assumed as 
reconnected in some other way, the normal voltage on which the 
reconnected motor should be operated is shown at the intersection 
of the horizontal and vertical columns. 

Take, for example, a motor which was originally connected 
three-phase 2 parallel delta. Following across this horizontal 
line, the number 100 is found under the vertical heading that 
also reads "three-phase 2 parallel delta," or, in other words, 
when a motor is normally connected for three-phase 2 parallel 
delta and is operated as three-phase 2 parallel delta, it is being 
operated at 100 per cent., or exactly as the designer intended it 
should be operated. Suppose, however, that the winding is 
reconnected two-phase series, the question at once arises upon 
what voltage the motor should be operated to give normal opera- 
tion. Following the same horizontal column, "three-phase 2 
parallel delta" (since that is the original connection) across until 
it intersects the vertical colunm marked "two-phase series," 
the number 280 appears at the intersection of the two columns. 
In other words, if the three-phase 2 parallel delta-connected wind- 
ing is regrouped and reconnected two-phase series it must be 
operated on a voltage 280 per cent, of the original voltage for 
which it was designed. 
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The reason these values are given in percentages instead of 
actual voltages is to make the table more flexible and of wider 
application. The percentages, however, can be very simply 
changed to voltages by using them as a multiplier. Applying 
this to the case just used as an example, assume that the voltage 
on which the original motor operated was 220. This then repre- 
sents the 100 per cent, which was called "three-phase 2 parallel 
delta." When changed to two-phase series, it has been shown 
that a voltage of 280 per cent, would be required. From this it 
follows at once that the new operating voltage for the motor when 
reconnected two-phase series must be 280 per cent, of 220 volts, 
or 2.8 X 220 = 616 volts. 

As another example of applying the table take a case where a 
four-pole motor connected two-phase 2 parallels, as in Fig. 121, and 
operated on 220 volts is to be changed, if possible, for operation 
on a three-phase 550-volt circuit and it is desired to know what 
particular kind of a three-phase connection on the winding will 
give normal operation when the motor is run on 550 volts. In 
this case the horizontal line two-phase 2 parallels represents 100 
per cent. If the original voltage was 220 and that was 100 per 
cent., the new voltage 550 must be 250 per cent., since it is 2.5 
times 220. To find the proper form of three-phase connection, 
follow the horizontal column "two-phase 2 parallels" (since 
that was the original connection) across until it shows the value 
250 under some vertical column which is headed "three-phase." 
This is seen to be the first vertical column, marked "three-phase 
series star." From this the conclusion is at once correctly drawn 
that if a motor is connected two-phase 2 parallels and run on 220 
volts and it is reconnected to three-phase series star, it will be 
suitable for operating normally on a three-phase 550-volt circuit. 
It is assumed, of course, in this problem that the number of poles 
and the frequency and horsepower remain the same on the new 
circuit as on the old, the only difference being that the old circuit 
was two-phase 220 volts and the new circuit three-phase 550 
volts. The changed connection is shown in Fig. 122. 

To illustrate further the use of the table, assiune that an eight- 
pole motor is connected series star, as in Fig. 123, and operated 
on a three-phase 2200-volt circuit, what form of reconnection 
would make it suitable for operation on a two-phase 440-volt 
circuit? In this case "series star" is 100 per cent, in the hori- 
zontal column and 100 per cent, equals 2200 volts. The desired 
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voltage is 440, which equals J-^ or 20 per cent, of 2200. Follow- 
ing the ''three-phase series star" horizontal column across to the 
value 20, it is found first under "three-phase 5 parallels," but 
this is discarded since a two-phase connection is wanted; further- 
more, an eight-pole winding cannot be connected in 5 parallels. 
The value 20 is seen the second time under the vertical column 
marked "two phase, 4 parallels." If the number of poles is 
divisible by 4, as in this case, the winding can be put in 4 paral- 
lels, therefore the conclusion is reached that this is the desired 
connection, or in other words, if a three-phase motor is connected 
series-star and operated on 2200 volts and is reconnected to 
two-phase 4 parallels, it will be suitable for operation on 440 
volts. This connection is shown in Fig. 124. Again, assume 
that the motor has only six poles, as in Fig. 109, and it is to be 
changed from three-phase 2200 volts to three-phase 440 volts. 
In this case 2200 volts is again 100 per cent, and 440 volts is 20 
per cent. Following the horizontal colmnn marked "three- 
phase series star" the value 20 is found under ''three- 
phase 5 parallel star," meaning that if the winding could be put 

2200 
in 5 parallels it would be good for 440 volts, since --^- = 440. 

However, a six-pole winding cannot be connected in 5 parallels 
and the horizontal column is followed farther. There is not 
another 20 under the three-phase vertical columns, but there is a 
19, which is nearly right, under "three-phase 3 parallel delta." 
Since a six-pole winding can be arranged in 3 parallel delta, as 
in Fig. 110, this is the connection desired, and the normal operating 
voltage will be 19 per cent, of 2200 = 418, which is near enough 
to operate satisfactorily on a 440-volt circuit. 

From these scattered examples it can be seen that the table is 
of wide application and answers two types of questions. The 
first of these is what will be the new operating normal voltage if 
a winding is reconnected in a certain way, and the second is, 
what will be the form of the connection to get a new operating 
voltage which is desired. Indirectly, the table answers the ques- 
tion of whether it is at all possible to get the desired combination 
of changes without new coils, and if not exactly possible, what 
degree of approximation may be obtained by means of the work- 
ing combination utilized. 

In the case of wound-rotor machines it may be noted that 
changing either the phase or voltage of the stator has no effect 
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on the rotor winding as long as the table shows that the recon- 
nection gives exactly the right conditions. The reason for this 
is that the real magnetic rotating field is neither two-phase nor 
three-phase, but is just the same as if set up by direct current. 
This was described in Chapter II. Since this rotating field re- 
mains at the same value before and after the reconnection, it will 
clearly have the same effect on the rotor winding in generating 
counter-electromotive force. Hence there will be the same voltage 
between collector rings as existed with the original connection, 
and there need be no change in the controller or the external re- 
sistance used in starting and running the motor. 
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HOW THE FREQUENCY AFFECTS THE WINDINGS 

Tlie nei-esaily for operatmg moLors on n frequcouy diSering 
fnint that Tor whicJi they were originaJJy dtHigiiecl may ix- the 
result of actually cltangmg the frequency of tlio power supply 
Hud thereby affecting a muober of niotora in one installation, or 
it may result from applying used or repurchasHd niotore on new 
circuits. At times such as those at the outbreak of tiie Eitcopciin 
War, when numbers of coni-oms were undertaking the manu- 
facture of explosives and all sorts of munitionit, the sudden 
demand for motors for the operation of machine tools and other 
purposes greatly overtaxed the available stocks and orcatpd a 
brisk demand for second-hand motors wherever they could be 
found. The installation of these macliinea on new circuits neces- 
sitated a change in frequency in many cases as well as changes in 
phase and voltage. Another instance of a wholesale change of 
frequency is the retiring of an existing isolated plant for the pur- 
chase of central-station power which may differ in frequency. 
This may result sometimes in changing the motors in a single 
plant, or it may involve a plant serving a town, in which case 
the motors in the entire district served must be arranged for 
the new frequency. 

The commonest changes of this kind are from 25 cycles to 
60 cycles and vice versa. There is also some changing from 60 
cycles to 50 and infrequently 40-cycle motors are changed to 
60 or the reverse. 

Checking the Speed when Operating at Higher Frequency, 

The most important and immediately noticeable change in the 
motor when the frequency is changed, is that the motor operates 
at a different speed. This change in speed is directly propor- 
tional to the change in frequency. It was explained in Chapter 
II that the 80-called synchronous speed, or the number of revo- 
lutions per minute made by the magnetic field of the stator is 
equal to the alternations per minute of the supply circuit dl- 
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vided by the number of poles, or it is equal to the expression 

I r , • From this it follows at once that if the cycles 
numl)CT of poles "^ 

are changed and the poles remain the same, the revolutions per 

minute will change exactly as the frequency. 

As an example, a 4-pole motor operated on 25 cycles will have 

a synchronous speed (practically the no-load speed) equal to 

25 X 120 

. — = 750 revolutions per minute. The full-load speed 

is usually about 3 per cent, to 5 per cent, less than the synchron- 
ous speed. If now this same motor is operated on 60 cycles, 

the speed will be v = 1800 revolutions per minute. 

This immediately brings up two serious mechanical questions: 
First is the mechanical design of the rotor such that it will stand 
this increase in speed, 240 per cent, of the original value? 
The peripheral speed of the rotor (that is, diameter in feet X 3.14 
X revolutions per minute) should not be permitted to go beyond 
7500 ft. per minute without consulting the manufacturer of the 
machine. Second, can the belting or gearing be suitably adjusted 
so that the speed of the driven machine or apparatus will remain 
practically unchanged? If these two questions cannot be satis- 
factorily taken care of, it will be necessary to change the number 
of poles in the motor winding also, so that the speed on the new 
frequency and with the new number of poles will be nearly the 
same as the speed on the old frequency and with the original 
number of poles. 

For example, in the case just cited, a 4-pole motor operated 
on a 25-cycle circuit runs at about 750 revolutions per minute. 
The nearest combination to give this speed on 60 cycles would be 
to wind the motor for ten poles, and the resulting revolutions 

per minute would be ^^ — = 720. There are, therefore, 

two conditions in case of a change in frequency — the first, when 
the number of poles remains the same and the speed changes 
with the cycles, and the second, when the number of poles is 
changed so as to keep the original speed or as nearly so as possible. 
Consider first the case where the frequency is changed and the 
number of poles remains the same. The resulting change in 
the speed in this case is assumed to be proper for the motor in 
question, and the gears or pulleys are changed so that the driven 
load will operate at the same speed. 
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ReUtioQ between Voltage and Frequency. 

Tim next tiling thai is affected by the <ihacgp id frwjuency is 
tJie oj^raiing voltsgc. Tlwi tg lo siiy, if the {reiimmoy is raided, 
the vultKgo should be rmsed also and vice versa, If llie cuudilJODS 
in the magaetic and lileDcnc cirouiU aro to be kept nornui 
AsBuminf; that tho rotating magnetic fidd is to be kept at the 
same value and tiie frequency raised, thi« field will rotate at a 
faster rate and nut more conductors in a given time, which wilt 
immediately rpsult in the genenilion of more voltage, or counter- 
elvotromoUve force as it is cuUod in a motor. It will lx> ivraem- 
bared that in the firflt chapter attention was called l.o the fact 
that one of the easiettt ways of tliinking of an induction motor 
is aa an alternating-current generator gencratiiig a counter^ 
electromotive force almost exactly equal to the line voltage on 
whicii it 19 operated. In ttie present instance, then, if raising the 
frequency cauaeB the motor to generate more of this back vol- 
tage, it will be necessary to oppose it by a higher applied voltage; 
or, speaking simply, if the frequency is to be raised the line vol- 
tage should be raised by the same amount to keep the same 
magnetic conditions as existed in the original motor. 
Relation between Torque, R.P.M., and Hcvsepower. 

Suppose that the frequency is raised and the voltage le not 
raised. If the same magnetic field existed and rotated fa-itcr, 
it has been shown that an increased back voltage would be gen- 
erated. However, if the line voltage is not raised, the motor does 
not require any increased back voltage and hence it does the 
only other thing it can to keep the generated voltage equal to 
the line voltage, and that is automatically to decrease its own 
magnetic field to such a point that the new field rotating at the 
new speed will generate the same back voltage as the old field 
rotating at the old speed, and this electromotive force will be 
nearly tho same as the applied line voltage, which has been as- 
sumed to be the same on both frequencies. The result of a 
decrease in the magnetic field would be a decrease in torque or 
turning effort, and this might result in a reduced horsepower 
output were it not for the fact that the speed increases and tries 
to make up for the decrease in torque 

Torque at one foot radius X r.p.m. 
5262 



Horsepower = - 



Proiii this it Follows that if the frequency was raised and the vol- 
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tage left the same, the magnetic field might decrease and the torque 
decrease without lowering the horsepower by the same amount, 
since the speed increases and partly makes up for it. On most 
of the loads that are driven by motors, the driving effort, or pull, 
or torque is practically the same at all speeds. This is not true 
of centrifugal pumps or fans or similar apparatus, but is generally 
true of a great deal of industrial machinery. Since this is the 
case, it may be seen from the horsepower formula just given that 
if the torque is constant the horsepower will vary directly as 
the speed; that is, a higher speed will call for more horsepower 
and a lower speed for less horsepower. Going back to the fre- 
quency, a higher frequency means a higher speed and hence, 
directly, a higher horsepower, and a lower frequency means a 
lower speed and a lower horsepower. All these things work 
out automatically if the voltage and frequency are varied on 
the motor at the same time and by the same amount. This is 
for the reason that torque is the product of the magnetic field 
acting on the currents in the windings. To keep the heating 
reasonably the same, the magnetic field and the currents in the 
coils should be kept as nearly the same as possible. 

It was shown in the foregoing that if the field is kept constant 
and the speed increased, the generated voltage would increase, 
and hence the appUed voltage should be increased also. This 
brings about a rule which may be most easily remembered in 
this form : If the frequency on a motor is changed, the voUage should 
be changed in the same direction and by the same amount If this 
is done and* the torque against which the motor is working is 
constant, the magnetic field in the iron will remain constant, the 
currents in the windings will remain constant, the speed and the 
horsepower will vary directly with the change in voltage and 
frequency, and the heating will vary somewhat due to the vari- 
ation of the iron loss with the frequency and the variation of 
the ventilating effect with the speed. 

A concrete instance of the foregoing would be to take a 50-hp. 

25 X 440 
440- volt 60- cycle motor and operate it on 25 cycles and at: — 

26 X 50 

= 183 volts, in which case it would develop — ^ — = 20.8 hp. 

If 183 volts was not available, a connection of the windings should 
be selected which would have been equivalent to 880 volts on 
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OD 35 cydtm, wbicli iu ouuty uasce would operate eatisravt^rily 
on ft comDH.'mtil 440-ro)t circtiit. In the caee which i» moat 
cominonly met with, which is changing from 25 lo 60 vydm, this 
oonditiou can often bo taken care of hy impressing twice the 
voltogB on the motor on 00 cyol«e thal< was used on 25 cycles, 
SHoh as oi»rrt(iiig a, 220-volt 25-tycle motor on a 440-volt 60- 
cyde circuit, at sbout double the horsepower. 

Thcoreticnlly, to follow the rule already given, the voltage 
on 60 cycles should be 2.4 times tJie value on 25 cycles, since ^%s 
= 2.4. This would result in 2.4 limes tlio speed und 2.4 times the 
liofscpowcr. Practically, it is easier to get twice the voltage tbsn 
2,4, 90 the voltage is doubled and the horsepower considered 
us double also. In case it is not possible to get double tbe vol- 
tage on 60 cycles, the same result can be secured In another 
way. Suppose the original motor is operating on a 220-volt 
25-cycle circuit and is connected series star as in Fig. 109. Sup- 
pose, also, that the available 60-cycle voltage upon which it is 
to run 1b 220. To get the effect of doubling tbe voltage, the motor 
can have its pole-phase groups connected in two parallel star, 
Fig. 125, for 60 cycles and it will then be affected in the same way 
as it would if the windings had not been reconnected but had 
been operated on 440 volts 60 cycles. On 60 cycles the motor 
would then run 2,4 times as fast and develop about twice the 
horsepower.' 

In some cases it would happen that the same horsepower was 
required on the new frequency and at the increased speed as on 
tbe original frequency. Hence, it would be undesirable to recon- 
nect the motor so as to raise the voltage with the frequency, since 
this would result in twice the required horsepower and would 
me.in operating the motor at all times at half-load and conse- 
quently somewhat lower efficiency and power factor than if it 
were fuily loaded. 

Considering again the horsepower formula, it can be noted that 
if the horsepower is to remain constant, the torque must decrease 
fts the speed increases and vice versa. Since tlie torque varies 
as the square of the applied voltage, it is evident that approxi- 
mately the same horsepower can be kept with a changing fre- 
» See articles in the "Eleotrio Journal," Vol. Ill, p. 400, bv G. B. Werner, 
and VoL VII, p. 680, by R, E. Utillmimd, 
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qucncy by varying Ihe voltage applied lo iJie motor as the stjiuire 
rool or tho ctutiigc ill frcfiuoncy iiLstcad of dirccLly as Ihu first 
power. An example, of tbis would be operating u 44()>voIt 
25-cyclo uiolor on a 35t)-v<rft -lO-cycIe cireuit. The square root 
of *%i = 1.26. Then if 1.26 X 440 = 5M volts be used on 40 
cyclbS, the mngnetic density in the iron will be about SO per cent. 

SO' 
of it3 25-cycIe voliie and tlie lorquft will be jtwj = 64 per cent 

of the 25-ey(jle value. Since the speed will be *%^ of that on 25 
cycles, (be resulting horsepower will be ^%s X ^Hoo ~ 1.02 
times its 25-cycle valuo or praulicaJly the same. 

A similar instance would be opexating a .'lO-oyde motor on 
60 cycles and at 110 per cent, voltage to keep the saiae horse- 
power. Suppose in the latter inHtanoe it was not poasiUe t« 
juggle tJie generator or the trjinsformers so as to get a 10 per 
cent, increase in voltage. It would then be nocessaiy to i-e- 
connect the motor ao that there would be ^''^^lo = 91 per cent. 
as many turns in series. One way of accomplishing thia if the 
fiO-(iycle motor was originally connected series delta, as in Fig. 
126, would be to reconnect it two parallel star (Fig. 125) for 
00 cycles and the same horsepower. Thia would have the effect 

of uicreasing the appUed voltage f , w^ — 100 = 15 per cent. 
However, since the frequency has increased 20 per cent. (50 
to 60 cycles) and the speed also has increased the same amount, 
if the voltage is increased only 15 per cent, the magnetic density 
in the iron will be only ^^K20 of its 50-cycle value and the torque 
will be only (^^K2o)° X 100 = 92 per cent, of its 50-cycle value. 
The resulting 60-oycle horsepower rating as compared with the 
.50-cycle will be ^Koo X ^^5Koo = HO per cent, (since the 
torque is 0.92 and the speed 1.2 of its 60-cycle value). Instances 
could be multiphed of this, and some further examples will be 
given in a later chapter giving practical apphcations of the princi- 
ples laid down here. 

The fact that raising the frequency, and hence the speed also 
sometimes results in a horsepower rating greater than that actu- 
ally required, leads at once to a word of caution regarding the 
converse proposition ; namely, that in ret?ucing the frequency on a 
motor and keeping the same nun:iber of poles, it should be figured 
that the horsepower will decrease exactly in proportion to the 
decrease in frequency and the consequent decrease in speed. The 
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physical conception of this is that if the frequency and voltage 
are varied together and the motor is working against the same 
torque, the magnetic density in the iron will remain the same and 
the current in the copper of the stator and rotor will remain sub- 
stantially the same, but the horsepower will rise and fall with the 
voltage and frequency, since it is the product of the torque and 
the speed divided by a constant. If it be imagined that the 
voltage and the frequency be carried down to zero and the motor 
just came to a standstill, it could be seen that the motor was de- 
veloping full-load torque at standstill with no more than full- 
load current flowing in its windings. 

The foregoing at once suggests a method that is sometimes used 
for starting a large squirrel-cage motor or a §roup of small motors 
where such motors constitute practically the only load on the 
generating unit from which they are operated. While the motors 
and the generator are at standstill, the motors are connected 
electrically to the generator by closing all Une switches. The 
generator field is next excited to its normal value. The steam 
engine or the waterwheel is then started slowly from rest, and as 
the generator builds up in speed the motors come right up along 
with it and no more current is required in the motor windings 
than is represented by the torque against which they are starting. 
This gives the best physical picture of the voltage and frequency 
building up together from zero to normal value and yet the motors 
exerting a constant torque from standstill to normal full-load 
speed under these varying conditions. 

The example just cited brings out the fact, also, which will 
be mentioned in Chapter X, that practically all changes in 
operating conditions can be considered equivalent to changes 
in voltage and so calculated and used. So it is with the change 
in frequency — ^if the torque is to be kept constant with the 
same niunber of poles and the horsepower is to vary with the 
speed, the voltage should be varied with the frequency or the 
winding connections changed to produce the equivalent. How- 
ever, if the horsepower is to be kept constant at any and all 
speeds with the varying frequency, then the voltage should be 
varied as the square root of the change in cycles. 



CHAJ>TER \TII 
THE NUMBER OF POLES AND THE RJP.M. AND THE 

possmaiTY OF varying them with the 

SAME WINDING 

The Bpoed of an induction motor expressed in revolutions per 
minute = (cycles X 120) -=- number of poles. The speed so 
determined is called synchronous speed and is very nearly the 
same as the no-load speed. When operating under ftiU load the 
epeed will be a few revolutions less than this — for ordinary motors, 
on an average of about 95 to 97 per cent, of the synchronoua 
epeed. The synchronous speed ia the speed at which the rotating 
magnetic field Is traveling around in the stator, and the difference 
between this and the full-load epeed of the rotor (3 to 5 per cent.) 
is culled the "slip" of the motor. 

From (he equation for revolutions per minute it can be seen 
at once that if the speed of the motor is to be changed, it is neces- 
sary to change either the cycles or the number of poles. Or, 
assuming that the cycles iiave been changed and that it is neces- 
sary to keep the same speed as before, it will be necessary to 
change the number of poles. So far as the cross-connections 
themselves are concerned, and admitting windings where all the 
pole-phase groups do not have the same number of coils, as dis- 
cussed in Chapter IX, it is evident that any winding might be 
connected for several different numbers of poles and for either 
two-phase or three-phase, by the simple expedient of changing 
the number of coils in each pole-phase group. 

For example, a winding having 54 slots and 54 coils if arranged 
for three-phase 6 poles would have 3 coils per group and 18 
pole-phase groups. If the same winding is rearranged for three- 
phfifie 4 poles there will be 12 pole-phase groups having alternately 
4 and 5 coils per group. Or, if the same winding is arranged for 
two-phase 4 poles there will be 8 pole-phase groups, 6 of which 
would have 7 coils and 2 of which would have 6 coils, or 54 total. 
There are practical limits beyond which this form of reconnection 
cannot properly be carried and which are discussed farther on 
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to thia cbap>«r, but before proceedinx to a dtecasaioQ uf liiotn 
uttenUon is culled to some typical cases of rccoutiPCtioD of this 
nature. 

Fig. 127 shoTva o. 54-sIot winding imviog a coil pildi of 1 and 7 
aa orratiged for 6 poW and connected Ptaim star. Ttusro are 3 
coils in every group. Pig. 128 shows the same windii^ lu Fig. 
127 except grouped and connected for 4 poles. It will l>e noted 
thai there aru now 3 X 4 = 12 pole-pliase groups cuntiuning 
alternately 4 and 5 coila pergroiip. Fig. 1298UowstlioRan3ewiDd- 
iog OS in Fig- 127 arranged and connected for S poles; there are 
IS pole-phaee groups with 2 coils and G with I), making total of 
24 groups and 54 coils. Fig. 130 is tlic same winding ah Fig. 127 
connected for 10 polos. There are 24 groups having 2 coils each 
(ud 6 groups with 1 coil, making a total of SO poIci'pKiisc groups 
and 54 coils. Fig. 131 shows tlie winding, Fig. 127, connected for 
12 poles. There are 18 groups of 2 coils each and 18 groups of 1 
ooil each, making a total of 36 groups and 54 coils. 

Of course all these connections would not normally operate 
at the same voltage, nor would the horsepower developed be the 
same, and the speed would vary inversely as the number of poles. 
Assuming, for example, that the motor was 100-hp. OO-cycle 
three-phase 440-volt3 and run at 1 160 r.p.m. on the 6-pole con- 
nection, the characteristics for the other connections are shown 
in Table VI. Three-phase is assimied throughout. 

JOTOR CoNNHCTKD 
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Hp. 


VolUe^ 


R.P.M. 


CoMBOd™ 
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1,180 
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484 


1,750 


Fig. 128 
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S75 


860 


Fig. 129 


10 


68 


300 


690 


Hg. 130 


12 


60 


220 


580 


Fig. 131 



The only commercial voltages in Table VI are the Gist and last, 
440 and 220. To operate the motor on the other connections 
would require special taps from the transformer, unless some 
other change could be made in the motor's winding at the same 
timo that the number of poles was changed. For example, the 
8-polo coanection requires 375 volts. If it so happened that the 
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&-poIe motor was connected in parallel star, then the 8-pole 
motor could be connected series delta^ which would be the same 
thing as operating the motor on a voltage in the ratio of 1.73 to 2 

375 X 2 
or — vyo — = 434, which is approximately the voltage required. 

Table VI of horsepowers and normal voltages is figured by 
taking account of the speed and of the chord factor in the follow- 
ing way: 

One of the functions of the winding is to be acted upon by the 
rotating magnetic field and to actually generate a coimter-electro- 
motive force which is opposed to and almost equal to the apphed 
hne voltage. If, then, in reconnecting for a different number of 
poles, the assumption is made that the magnetic field in the teeth 
and air gap remains at a constant value irrespective of the con- 
nections, it is at once evident that the generated electromotive 
force, and consequently the applied line voltage, should vary 
directly as the speed of the rotating magnetic field, which is 
practically the same as the revolutions per minute of the motor at 
no load. For example, in the case cited in the foregoing, if the 
normal voltage on the 6-pole connection is 440, everything else 
being equal, the normal voltage on the 12-pole connection should 
be 220, since the revolutions per minute of a 12-pole motor are 
just one-half those of a 6-pole machine. 

Practically, the only condition which enters to change the 
voltage from varying directly as the speed is the "chord factor," 
which is due to the throw or pitch of the coil. This is de- 
scribed imder "Fractional Pitch Windings" in Chapter IV. It 
will be recalled that this is a factor which reduces the voltage 
generated in a coil because one side of a coil is not exactly 
imder the center of a north pole when the other side is exactly 
under the center of a south pole. The niunerical value of this 
factor is expressed as the sine of one-haK the electrical angle 
which is spanned by the coil. It may appear in the example 
given in Figs. 127 to 131 that the chord factor should remain con- 
stant since the ph3rsical throw of the coils is unchanged. It should 
be carried in mind, however, that while the coil spread remains 
unchanged, the number of poles is changed, consequently the pole 
arc is changed; hence, the relation of the throw of the coil to the 
pole arc is different in each case. The foregoing can be best 
shown by Table VII, remembering that the throw of the coils is 
slots 1 and 7 in all cases. 
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IT of po!«3 . 

Tfartwgt otrf! 

Slot* apatmed by ooQ 

NumtiBr of slots equivaleot to IftD 

eleottioa! degreea = ..- - -, — , 

No. ol pclea 
Elootrical degrees reproseutwl by 

six Blots 

Sino of hail the oJeotrlc&I angle 

oovered by the coD throw i 

pitch = ohord factor . 
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Table VII indicates that the normal 6-poIe voltage of 440 mui 
be modified by two factors to find its value for other Bpeeds.*^ 
These factors and their results are combined in Table VIII. 

On first comparison of Tables VII and VIII it seeme pecxiliar that 
the 4-pole connection having the lowest chord factor, which is 
0,64 operates, at 484 volts, which is the highest voltage, while the 

Tablb VIIL — Factoks, Dtib to Change in Nuubeb of Poles, MoDirriKO 

iNDUCnON-MOTOR V01.TAGJC 



Number of poles 

Factor for choagicg voltage on 
account of cbangmg speed 

Factor for chaogmg voltage 00 
account of cbaage iu chord fac- 
tor for Dew No. of poles * 6- 
pole chord factor 

Product of both factors. 

Resulting voltage - (440xNo. 4) . 



440 



37S 



320 



8- and 10-poIe connections, having a high chord factor of 0.99, 
operate at 375 and 300 volts respectively. It must be re- 
membered that the Bi)eed at which the magnetic field is rotating 
comes into effect and changes the result of the chord factor. 
Throughout this book we have considered the induction motor as 
being an alternating-current generator, generating the coimter- 
elcctromotive force, or back voltage. Hence, in this case, tlie 
a^aumption has been made that the magnetic field in the air 
gap remains the same in deosity for all these connections, and 
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when connected for 4-poIe this field will rotate twice as fast 
as when connected for 8-pole, and thus generate twice as much 
voltage. This is the reason that the two factors, one due to 
changing the speed of the field and the other due to changing the 
throw of the coil, are introduced, as shown in Table VIII. The 
product of these two factors governs the voltage which must be 
applied to the windings to give normal operation. 

Table VIII determines the value of the proper voltage for the 
new connections as given in Table VI. The horsepower is de- 
termined just as if it were an alternating-current generator by 
taking the product of the volts X amperes X 1.73 X power 
factor and dividing by 746. The cross-section of the copper has 
not been changed, hence the amperes remain constant. The 
power factor is assumed the same, although it will be somewhat 
higher on high speeds and lower on low speeds. Therefore, the 
output in horsepower will vary as the voltage, assuming 100 hp. 
at 440 volts. The horsepower for the new connections is figured 
in this manner, as given in Table VI. Some general observations 
might be made about the examples chosen in this chapter: First, 
the question of starting torque or maximum torque required, or 
the saturation of the core when connecting for higher speeds 
might require a voltage somewhat higher or lower than Table VI; 
second, as pointed out in Chapter IV, on fractional-pitch windings 
it is not wise, in general, to chord up a coil so far that the chord 
factor is less than 0.707, which means that the coils span only 
halfway from the center of a north to the center of a south pole. 
The reason for this was shown in Chapter IV by plotting the 
shape of the magnetic field set up by windings having different 
coil pitches. For this reason the 4-pole connection, as shown 
and discussed in this chapter, should be avoided in practice, but 
the 6-, 8-, 10- and 12-pole connections would be satisfactory if the 
proper operating voltage could be secured. 

Check Points in Changing Number of Poles. 

From the foregoing it may be seen that there are three factors 
to be taken care of in changing the number of poles. These are: 

First, if the new speed is to be higher than the original speed, 
the peripheral speed should not be allowed to exceed 7600 
to 8000 ft. This figure is the diameter of the rotor in feet X 
3.14 X revolutions per minute. 

Second, the chord factor of the winding. 
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Third, the phase-insulation coila should be aliifted so as to 
come at the beginning and ending of the new pole phase groups, 
as discussed in Chapter IV. 

Sometimes, when a winding is connected in paralle) star it is 
possible to reconnect it in series star with consequent polea, as 
explained in Chapter IX, and have the motor operate at one-half 
its original speed. This reeonnection is shown in Figs, 132 and 
133. Conversely, if the motor was originally connected for 
aeries star, it might be reconnected for parallel star and operate 
at double speed if the motor would stand up mechanically. The 
counter-electromotive force generated by the consequent-pole 
connection is only 86.6 per cent, as much as with the salient-pole 
connection, which means that if the motor was run on normal 
rated voltage on the consequent-pole connection it would operate 
as if it had an overvoltage of f, ^^ — 100 = 15 per cent. Such a 

reeonnection should not be attempted if the throw of tbe coils is 
exactlyornearlyfull pitch for the high speed. The reason for this 
was explained in Chapter IV. 

The effect of chording the coils or making the throw less than 
full-pole pitch, as in Figs. 132 and 133, brings out the point that 
it is often possible in reconnecting a winding to raise the side of 
all the coils lying in the top of the slots, and to spring the coils 
one or two slots longer or shorter and thus help out materially 
on the operating conditions after the change is made. For 
example, in Fig. 133, if the coils are raised and wound in slots 1 
and 6 instead of 1 and 7, the new chord factor would be sine one- 



half of 



4.5 



X ] 



deg. = 200 deg,, or 0.98 instead of 0.866. The 



winding connected, as shown in Fig, 133, would then operate as if 
on 102 par cent, of normal voltage instead of 115 per cent., which 
would have cut down the iron losses and improved the power 
factor. 

In Chapter IV a graphical explanation was given of the effect, 
of chord factor and reconnecting for a different number of polea. 
This was shown by plotting the shape of the magnetic field set 
up by a three-phase winding connected for different niunbera of 
poles and whose coils had different pitches. It showed the mag- 
netic conditions mside the motor wliich give rise to the practical 
results discussed io this chapter. 



CHAPTER IX 

LESS COUMON COIiNECTIONS USED FOR tmSTH- 
METRICAL CONDITIONS OR IN AN EMERGENCY 

Chapter III diacuaaed the usual forms of connection for wind- 
ings using "dtuiuond" coils in open slots. It is the purpose of 
this chapter to present some of the less usual forms. Theae are 
often of more importance in reconnecting old machinee than arc 
the standard fonns, because it is by their help and " judicious" 
use that a job ia pulled through in a hurry or a temporary work- 
able connection made tbat will carry on an essentia] part of a 
larger work until such a respite can be obtained as will allow a 
more permanent connection. 

The word "judicious" is used for the reason that short-cut 
methods of this type are sometimes used where there is no need 
for them and where their use is a positive detriment, since the 
extra operating expense caused by them soon offsets any im- 
mediate apparent gain. Such a case, for example, would be 
represented by reconnecting a three-phase 440-voIt series-star 
winding for two phase 440 volts with the same coils, making no 
other change. The machine would probably operate in many 
oases, but the increased power bill would pay the intereaf on a 
considerably larger sum than would be represented by the cost 
of a proper set of two-phase coils. If this point is understood 
and given proper consideration, it is desirable to know some of 
these semistandard or possible schemes, as they may be of service 
in an emergency. 

Number of Slots Not a Multiple of Phases Times Poles. 

Among these schemes one which is not usually found in text- 
books, but which is perfectly legitimate and largely employed 
by all manufacturers, is the use of a core having a number of 
slots that is not an exact multiple of the number of phases times 
the number of poles — for example, a 90-slot core wound for 
three-phase, eight poles. This connection is represented by Fig. 
IS-l. The Roman numerals on each pole-phase group represent 
the number of coils in that group, and it wiU be seen that each 
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phase consists of 6 groups of 4 coils each and 2 groups of 3 coils 
each, or a total of 30 coils, and 90 coils in the complete winding. 
This irregularity introduces a slight displacement of the phase 
angle at certain places, but these places are so chosen aroimd the 
machine that the net result is a perfectly balanced three-phase 
voltage at the terminals of the machine. E. M. Tingley origi- 
nated an ingenious and simple method for arranging such 
windings with mathematical accuracy to give perfectly balanced 
voltage.^ 

. It does not follow, however, that only the slot numbers rec- 
ommended by Mr. Tingley can be made to give operating results. 
Other combinations are practically workable along the same gen- 
eral lines and can be laid out by inspection with reasonable regard 
to the best symmetry. But it is true that only the combinations 
pointed out by him can be made to give a theoretically perfect 
voltage balance at the motor terminals on all phases. This ex- 
planation is made in reply to the question frequently asked as to 
whether it is essential that the number of primary slots shall be a 
multiple of the number of phases times the number of poles. It 
does not necessarily have to be such a multiple, and connections 
of the type shown in Fig. 134 give practically as good operating 
results as any other. 

The manufacturers make use of this type of connection in 
order to use the same core for as many combinations of phase, 
voltage, poles, cycles and horsepower as possible, thereby greatly 
reducing the stock of punchings or stampings that must be carried 
and also the expense necessary for dies to produce these punchings. 

Particular reference is made to such diagrams in this chapter 
to insure that no one who is contemplating a reconnection need 
be discouraged or give up the attempt if it is discovered that 
the number of pole-phase groups does not divide exactly into 
the number of slots. In general, if the total number of coils in 
the winding is right for the voltage to be used, it will be satis- 
factory to put as many coils in each group as can be obtained 
by the even division of pole-phase groups into total number of 
slots and then to distribute the odd coils equally among the 
phases and insert them mechanically in various groups to give 
the greatest symmetry. Of course, if there are two or more 
parallels in each phase, there must be the same number of coils 
in each parallel. For example, in the case of Fig. 134 there are 

» In the "Elcctical Review" for Jan. 23, 1916, Vol. LXVI, pp. lie^-a 
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three ptuecs and oight polos; 3 X 8 •= 24 aDd 90 -h 24 - 3,^; 
ther^ors UiRre will be four roils in each group excepting in Uto 
case of six gnmps which will have Ibreo coils. Two of theae six 
KTOUpt) are in each of the three pha«!a, and ono of th<se groups 
is in each of the two parallel k>ga of each phase. U this be 
followed, it may not give the perfeeUy balanced coiidtttuu of Fig. 
134, but when done by a careful man, it will usually give a safe 
operating condition. 




Consequent-Pole Windings for Two Speeds. 

A second expedient wliich may be employed to connect a 
given winding for twice the original number of poles is the use 
of what is known as a "consequent-pole" connection. This 
is illustrated by T^gs. 135 and 136, which show the usual con- 
nections for the threo-phiise motor wound to give two sets of 
poles or two speeds in the ratio of two to one. This change is 
accomplished by a single winding. In Fig. 135 the high-speed 
ie parallel-star and the low-speed eeries-star. In Fig. 136 the 
high-speed is parallel-atar and the low-speed series-delta. Either 
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may be used at the discretion of the deBigner. Fig. 135 usually 
gives better results where a constant torque is desired and gives 
twice the horsepower on the high-speed that it develops on the 
low-speed. Fig. 136 gives somewhat better results where a con- 
stant horsepower is desired at both speeds, as is the case with 
most machine-tool applications. 

Fig. 137 is an explanatory diagram showing schematically how 
the two sets of poles are produced by such windings. Considered 




with Fig. 135, the inside set of arrows shows the parallel-star con- 
nection where four salient poles are produced directly by the 
windii^, two north and two south. The set of arrows outside 
the winding circle shows the winding connected in series- tar 
and the current direction such as to produce four north poles 
by the winding. Since it is not possible to have nort^ poles 
alone, there immediately result four consequent south poles, 
indicated by the dotted arrows, where the magnetic flux returns 
to the primary. This results in eight poles and half-speed. For 
the sake of simplicity the arrows shown are for one phaae only. 
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The Uu«e phuses mteracC to produra the onmbined mai^etie 
pola S8 ia noy nonmil thrcc-phaeo vrioding. Tliese dtagrama 
ore shown to indicate t.hat it may be possible in somfi cams lo 
roconneut tuulors for half-epocd by tniikin;; u»ct of a diagram of 
this nature. Such a. coDDeclion, for exampte, makes it' poesibli; 
at times to reconnect a 25-cycIe motor for 60 cycles and twice 
the number of poles, and so keep t-he r.p.m. of rhe motor nearly 
thfi same. 




It will be noticed that the outside arrows on the pole-phase 
groups for checking the slow-speed, or eight-pole, connection 
in Figs. 135 and 136 all point in the same direction instead of 
alternately in opposite directions as the inside arrows do. This 
is because the eight-pole connection is "consequent-pole," or 
80 connected that the current produced the same polarity in all 
the pole-phase groups, instead of alternate north and south as is 
usually the case. It will be recalled that in Chapter III men- 
tion was made of the fact that in such a case the check 
with the alternate arrows did not hold. It will be seen 
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from Figs. 135 and 136 that in checking windings of this type, 
or consequent-pole, by placing arrows on the pole-phase groups 
in the direction from the lead toward the star in all three phases, 
the arrows will all point in the same direction. This can be ex- 
plained in another way by saying that in a winding of this type 
there are only half as many pole-phase groups for the same total 
number of poles as there are in the usual form of winding. This 
is equivalent to sa3dng that alternate pole-phase groups are 
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Fia. 137. — Schematio magnetio diagram explaining the eight-pole connection 

of Figs. 135 and 136. 

omitted. Since in the check of the usual winding the arrows 
are alternately opposed, if alternate arrows are omitted the re- 
mainder will all be in the same direction, as is indicated in the 
check of the eight-pole connection of Figs. 136 and 136. 

A diagram for a two-phase two-speed connection where the 
winding is in parallel on the high-speed and in series on the low- 
speed is shown in Fig. 138. This winding is of particular and 
especial interest in that it overcomes one of the disadvantages 
of the corresponding three-phase connections shown in Figs. 
135 and 136 by putting half of the winding in one phase for the 
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lmr-«pwd cuoDcutiaii and to tlie otber yh&aa for the hi^i-epeed 
ooanecUon. Thi? it nn nd%-ati tiiiie, l^cnu^o the so«&ni*d " wimlini^ 
fftclor," or "duiribiition factor,'' remaiiu the some on both 
speeds sfi ia a aomjAl twv>-p]tai>i: imuihiix^, nrliih^ in tbc tlim> 
phase raimpcUunfi shown in Figs. 135 and 136 the windiog factor 
u only SGS per cent, as good on the low-speed eonn««tioa ne on 
the high. This is because there aie only four windicjt ipoape 




per i^iase spread over the entire periphery, and }'et eight poles 
are being produced. 

Expreased in another way, the coils for one of the eight poles 
ftre fpread over the usual span for a four-pole machine. Since 
the diEtribution factor is a measure of the induced voltage or 
OOUQter-clectxomotive forc« generated, and since the capacity of 
the motta may be measured by its cuirentH^arryiag capacity 
multiplied by the induced voltage, it con be concluded at onee 
that the loM of 14.3 per cent, in the three-phase connectioo on 
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the alow speed is avoided in the two-phase diagram, Fig. 138. 
In reahty the gain is greater than this, for the reason that the 
two-phase distribution factor caused by consequent poles is 
only 70.7 per cent., as against 86.6 per cent, in the three-phase. 
Speaking simply, if a series-parallel two-phase connection 
were used, similar to the three-phase, Fig. 135, and without 
changing the coils from one phase to the other as does Fig. 




138, the loss in horsepower on the slow speed would be approxi- 
mately 30 per cent., which is certainly a matter of prime im- 
portance. It is mechanically possible to make such an arrange- 
ment on a two-phase winding, but there seems to be no practical 
way of accomplishing the same result on a three-phase winding. 
As in the case of the three-phase two-speed diagrams, this con- 
nection shows the poseibihty of chaining a standard motor to 
half-speed by the medium of such a connection. 
When operating fnnu a three-wire two-phaae sjrstem or any 
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Byetem haviog thu two phases intcroonnected in any way, all 
four of tbe leads tbat connect to y and y'. Fig. 138, Bhoiildbe 
brought out instead uf tying them togiither in pairs and briugiajt 
out it and y' aa shown. This is in order that the phase windings 
may be kept tileaa of cuch other on both speed connections. 

Splitting Groups. 

Fig. 139 illustrates a connection that is sometimes attempted, 
but usually with disastrous results. In all the foregoing dia- 
grams the phase-pole group has been troatwd as a unit. That is 
to say, if there wex-e four coils per pole per phase, these four wen? 
connected in series into a group and handled as a unit. Fig. 
139, on the other hand, breaks up some of the groups into halves, 
Suppose, for example, that a three-phaae six-pole motor has 72 
coils total and is connected in aeries for 440 volts and it is do- 
sired to reconnect it for 110 volts. It can be parallel for 220 
volta, and there will be three pole-phase groups in each of the two 
parallel lege of the winding. It cannot be paralleled four times, 
since 6 is not divisible exactly by 4. Since there are 6 poles and 
3 phases, there are 18 pole-phase groups and 72 -e- 18 = 4 coils 
per group. It is therefore possible to split 6 of the 18 groups into 
halves of two coils each, and by putting a half^roup in series 
with a whole group to get 4 parallels per phase having 1.5 pole- 
phase groups in each of the 4 parallel circuits. Such a connec- 
tion is shown in Fig. 139, This is rather difEcult to do properly 
unless there is an expert winder available, and it leaves the motor 
in an unsatisfactory operating condition when it has been done. 
This is explained by the vector diagrams in Figs. 140 to 144. 

Let ag represent the voltage vector of one magnetic pole made 
by combining the three pole-phase vectors ae, ef and /*;, Fig, 140. 
For cleamesa, one pole-phase vector ae is shown in Fig, 141 drawn 
to a larger scale and made up of the vectors of the four separate 
coils ab, be, cd and de. The length of the line ab, for example, 
represents the voltage generated by the rotating field in a single 
coil of the winding, and four of them are considered together 
bfioause there are four coils in series in any complete pole-phase 
group; as for example, group 16 in Fig. 139. If two or more 
oircuits, each made up of one whole pole plus one half-pole, 
are to be connected in parullel, the two resulting vectors should 
be the same length and have the same direction or phase. Such 
a condition is shown in Fig. 1 42. This is a true parallel, and there 



132 



CONNECTING INDUCTION MOTORS 



will be no circulating current around the closed loop formed by 
the two parallels in the winding, since two equal voltages in phase 
with each other are opposed. 

An inspection of the four vectors of which ae is composed will 
show that it cannot readily be divided into two parts and paral- 
leled without there being circulating current. Suppose, first, 
that the winding group is split in the middle at c, leaving ab + be 
for one half and cd + de for the other. The two resulting vec- 
tors are ac and ce. When each of these vectors is added to 
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Fios. 140-141-142-143-144. — Vector diagrams of group voltages in Fig. 139. 

another complete pole and the two connected in parallel, the 
result is indicated in Fig. 143, where ra + ac is paralleled with 
sc + ce. Since dc and ce are not in phase, there is left a voltage 
equivalent to em + nc, which will set up current around the closed 
loop and produce increased heating. In order to ay oid this to a cer- 
tain extent, the two outside coils of the group, ab and dc, are some- 
times paralleled against the two inside coils, be and cd. The 
two resulting vectors ax + ze and bd are in parallel, but they are 
of different lengths. The results are shown in Fig. 144, where 
a whole pole ib plus the half-pole 6d is in parallel with ra + ax + 
ze. While these vectors are in phase, the difference in their 
numerical value leaves a component ek, which is unbalanced and 
which is free to cause circtilating current in the closed loop of 
the parallel circuit. 
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I& additioa to the diffleulty of mak'ine (hif conncvtiou projifriy 
aod the fact ibat there is at aU times some oirciUating ciirrvat, 
there ia aieo hkely to be troubtu in keepiofi (he phaars insuUl^ 
from each other. All thing considered, Uue is as cxpvdipnt 
which had better be Wl iintriod exiepl in cases of duiTgrury, 
For aD ordinary operating conditions much boJtcr n^^utls will 
be secured by n^plafing the old coils in tlie machine by new coils 
wound for the proper voItAge. 

Table IX shows cunparalive peifonnances of a two-phaac 
motor reconnected for operation on thrwvpbasc by a "T" ron- 
nection and the performance of the same motor when suppticU 
nith new tbree-i^ase coils and conaeot«d in a normal Uiree-plia 
manner. 

Pig. 115 shows a p<issible three-^base "T" connection wliiohd 
may be made from a two-phase winding by a nioMmd RiniilarJ 
to the Scott tranaformer connection. The cfft'ct of this eonnei>«l 
licm upon the performance is shown in ttie table and woe dt»^^ 
cussed in Chapter VI under "Chiuigea in Ph(i«es." It 18 ft 
connection that should be used only as a tomporapy expcfUunt 
until better arrangements can be made. It is pfjssiblc to di'viao 
other makeshifts, but they are usually attended with bo great 
a sacri&ce in the heating and efficiency of the motor, that it 
is safoj to leave them untried, It happens that a eotmoction 
that looks feasible from tlie standpoint only of the number of 
coils in series, falls down on trial beciiusc tlR'S^'enilsaronot strictly 
in phase. Experiments of this nature are better left to tha 
electrical manufacturinu cstablinhnieritit. 
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RECONNECTING AN OLD WINDING FOR NEW 
CONDITIONS 



General Fundamental Considetations. 

An eleci.ric motor is a device for tranaformiiig energy in the 
form of an electric current into mechanical energy in the form of 
turning effort, or rotating force. This turning effort, or driving 
force, ia called torque and ia measured in the pounds pull that a 
motor would develop at tlie rim of a pulley one foot radius. This 
torque is produced by the force exerted by a current flowing 
through a conductor located in a magnetic field. From this it ia 
evident that the capadty of a motor to produce torque ia hnaited 
both by the capacity of the copper circuit to carry current and 
the iron circuit to carry magnetic lines of force. 

The amount of current, or flux, that is being carried by a given 
cross-section of copper or iron determines the heating of the motor. 
It may be assumed that in a normal motor operaling under the 
conditiouB for which it was designed, there is a reasonable current 
flowing in the copper and a reasonable Hux in Ihe iron, which the 
designer believes will give the most satisfactory operating results. 
Therefore, if changes are to be made in the speed, phase, fre- 
quency and voltage at which the machine is to operate, the wind- 
ing must be reconnected so as to have approximately the same 
number of magnetic hues per unit cross-section of iron and the 
same current density in the copper that existed before the change 
was made in the motor. This statement ia true over a wide range 
of conditions, and would be true universally if it were not for the 
fact that the high-speed machine will generally run coolex than 
the same machine operated at low speed with the same current 
density in the copper and number of magnetic lines per unit cross- 
section of iron, because of the larger amount of air that the high- 
speed machine will force through its parts. For this reason it is 
generally true that the capacity of a motor may increase in the 
same proportion as the speed when the speed ia being increflfied, 
but may decrease somewhat faster than the speed ie being re- 
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duoed. \t t, oonorotc exiuiiple of this, H may bo ttntcd that a 75- 
hp. motor operating &t ViO r.p.m. may be made to develop ]A(J 
hp. at 900 r.p.m., iU9.uii]iD|E llmt itic riiefhAnicAl ()esig:Q trill 
stAOil Uie stresses due to thi! iiiuieafied spcud; but convurwJy, n 
looWr oripjujly JmitcitH fur IW hp., at 900 r.p.ui., wbrn cue 
datra to iLO r.p.m. mi^t not be able to dcvebp more tbnn tin hp., 
on acflount of reduced ventilfttion. 

There are certain fumlainctital mochanical rGlatinos tliat gor- 
erti all motors wliethGr altentatiag or direct ourr^iil. The idea 
lliven in the for^^ios of the renvlion of th« electric current up»n 
a magiietic 6eld concerns the production of a mechanical pull 
tcndmic to rolatc (he movable member of thu molor. This pull 
is usually tocpreased in pounds at one foot radius. This in turn 
13 expressed in horsepower when multiplied by r.p.m. and by 
2 r and divided by 33,000. and may Iw expressty] by the oquation: 

.. Torque X r. p.wi, X Jx _ Torgiit X rp-i w. 
''' " 33,000 ~ iS,252 



™ Ap. X 5,263 

^ r.p.m. 

Since the current in the copper and the flux in the iron are to 
bo held approximately constant whatever change may be made 
in the motor winding, it follows that the Ior(jue will be kept 
constant and the horsepower will vary with the speed. In 
oUier words, if the copper and iron are carrying the same current 
and flux at all times, twice the liorsepowcr will be devaloped at 
twice the speed or approximately one-half the horsepower at 
one-half the speed. 

It is essential, in getting a clear conception of the motor, either 
for purpo.ses of making changes or for other reasons, that a plain 
distinction be made between lorque and horsepower. It is Ihe 
function of a motor to produce tortjue, or turning effort. It is 
incidental that when the same force is allowed to rotate at one 
speed or another, a diiferent horsepower is produced. For I his 
reason it is incorrect to apeak of a motor and say "It required 20 
hp. to start the load," because, when slarling, the motor was 
generally at a standstill; tlicreforo there was no rotation and 
hence no horsepower. The motor, however, was taking current 
and developing torque, and the correct expression would l>e the 
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current taken at start vras equivalent to the current taken I 
tho motor when developing 20 hp. at full speed. 
It 13 often possible lo reconnect a motor and adapt it to new 

conditions leaving it entirely normal, and the performance in all 
essential reapecla remains the some as before rMonn«ctiou. Such 
changes, for example, are represented by connecting the polar 
groups of a winding in series for 440 volts and in parallel for 320 
volls. These are classified as strictly legitimate changes. 

A second class of changes leaves the performance in some 
respects unchanged and alters it in others. Those may bu rcprt> 
sented by oporaling a motor in star on 440 volts, and in delta on 
220 volts. In this change there is little change in efficiency or 
power factor; the starting and maximum torques on 220 volts, 
however, are only 75 per cent, of their value on 440 volts. In 
such a case the advisability of the change depends entirely on 
the work that the motor is doing. If the torques at their altered 
values are sufficient to start and carry the driven load easily, 
there is no objection to operating the motor indefinitely as so 
reconnected, since the motor will not run any warmer than before 
and its efficiency and power factor may be better. Such changes 
may be classified as possible changes. 

A third class of changes leaves a motor operative in the sense 
of producing torque enough to do the work required, but so 
alters its performance as to heating, or efficiency, or power factor, 
or insulation, that it is undesirable to leave the motor operating 
indefinitely in such a condition. Such changes might be ex- 
emplified by taking a three-phase motor and reconnecting the 
coils as they stand for two-phase. Thiais equivalent to operating 
the three-phase motor at 125 per cent, of normal voltage, and 
in addition, the coils which should have extra insulation where 
the phases change, have only group insulation. The iron loss and 
heating may be increased to a dangerous degree and the power 
factor greatly decreased. Such changes should be used only in 
an emergency and the proper permanent changes made at aa 
early a date as possible. These changes should be clasaified 
aa make shift or undesirable changes. 

The main principles which operate to fix the limits of tho dif- 
ferent combinations, such as series, parallel, series star, parallel 
star, series delta, parallel delta, etc., possible with a single wind- 
ing, may be enumerated somewhat in the following manner: 

1.. The mechanical output of a motor is limited by the cross- 
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SctJon of coppiT ftvailablo to cany current and by the cross- 
se4;tion of iron available to curry niuguclic flux. 

2. Alt ioducUon motor is also at all times an ftlli^mal.iDgH;ur- 
rent gcncsnitor as well, and the voliagu geutjrated by it« own rotat- 
ing field cutUni; the oondurtoi-s of its on-n stator ooils uiust at 
ail times very closely approxinitttc tlic applied line voltage. 

3. It is newssary that the pitch or throw of the coils biiar 

sonit; reusoDitble physical relation to tlie nuuiber of poles that tho 

mactiine has. For example, in a 4-pi)le motor the coUb ehoukJ 

throw 8otncwiier<! near ^ of the circunifcrcuce of Ihe stator bore, 

ill a 6-poIe motor somewhere near H the circumference, and so 

on. The practical limits to the throw arc from }-^ to 1)^ tinies 

tliis full-pitch value- That is to «ay, in a 72-8lot fl-pote motiir 

72 
the full or cixart pitch for the coil throw would be „ = 12 Hlots, 

or the coil wo uld be in slots 1 and 13. Using the limits i4 to ^H 
as given, the throw of the coil should be not less than 6 filota 
nor more than 18 slots for possibla opuration; that is, tho coils 
shnuid not spread less than slots 1 and 7 nor more than slots 1 
and 19. 

4. All changes in operating conditions whether of horsepower, 
voltage, phases, frequency or poles, may be reduced to terms 
of change in voltage and so considered. 

H. An induction motor is similar to a transformer in that the 
nmuber of turns in series in the winding must be varied in the 
same direction and by the same percentage as any change in the 
voltage applied. In addition to these principles the following 
practical considerations must be remembered; 

(a) The new voltage which is applied to a reconnected mot.or 
must not exceed tho limiting value of the insulation which is 
on the coils. For example, 2200 volts should not be applied to 
a B50-volt winding even though it has been reconnected with 
four times as many turns in series, 

(b) In reconnecting for higher speeds the peripheral speed of 
the rotor must be kept down to a safe value bo that the cen- 
(rifugal force does not damage the rotor core or winding 
mechanically. 

(c) In a wound-rotor motor the rotor winding must be con- 
nected for the same number of poles as the stator winding. 

(d) In a squirrel-cage motor if radical changes arc made in tho 
number of poles, a change may also be required in the short- 
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circuiting rings of the squirrel-cage rotor winding in order to 
keep the proper starting torque. 

(e) In a polar-group winding the individual coils at the bc^n- 
ning and end of the phase groups have usually heavier insulation 
than the inside coils of the groups. Where this is the case, 
when reconnecting for change in phase or poles the coils with the 
heavier insulation should be shifted to their proper new places 
in the winding. 

These principles have been thoroughly covered in preceding 
chapters, but in recapitulation some additional comments may be 
made bearit^ on the practical application. 

1. Cross-Section of C<qtper and Iron. 

From the existing connection of the winding in the machine 
which is to be reconnected, it is a simple matter to check the 




Fio. 145. 
Fios. 145 and 146. — CheckiriK c 



current flowing in the turns of the coils which are in series. 
This is done by checking the connection of the winding; that is, 
whether it is series or parallel, star or delta, etc. From this 
fact and the rated current of the machine can be derived directly 
the current in the coils themselves. For example, a three-phase 
machine has a normal rating of 50 amperes per terminal and is 
connected 2-paralleI delta. Fig. 145. The current in the indi- 
vidual coils themselves is „ - -g = 14.5 amperes, as shown. 
Then the load which is put on the motor after reoonnectiou 
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shnaM not be greater than that wUivh would cause 14.5 atnp«e« 
to 6ow in the coils tliumaclves. Under tlic now codqocUod tfae 
polar groups might be i5-paraiH star, as ia Fig. 14li, iu which 
ciise the new current per lead would be 5 X 14.5 amperes - 
72.5 amperes, but the rurreol in the individual eoiU would still 
be 14.S ampcr<.>s as indicatt'd. 

If the new oonnectiDO is for a greater oiuuber of poles and hence 
a slower speed, it would be well not to put quite »o much current 




through as originally on account of the reduction in ventilation. 
Regarding the cross-section of iron, this remains constant eo far 
as the teetli are concerned, but in the core back of the slots thLs 
changes with the number of poles. This is illustrated by Fig. 
147, which shows a cross-section of a motor indicating the mag- 
netic conditions in the iron when the motor ia connected for 4, B, 
8, !0 or 12 poles. 

Considering the 4-pole sector, the ooila in the stator slots S sot 
up a magnetic field represented by the 15 concentric circles 
causing a north pole where they leave the stator and a south polo 



uo 



COIfNECTimj tyDUCTiON MOTORS 



where thpy re*ntr«r the Btator, as indicated by the arrowheads. 
The proximity of thi«c 15 ciroles at the air giip indieatija the 
density of the magnetic field iit this location. It will be noted 
(hat all 15 of Uicbu circles iiiust passs through the core back of thw 
slots or tbrougli a cross-section represented by the dimension W. 

If, now, consideration is givtn to the m^ctor marked G-poli*, it 
will be noticed that the magnelJc density in the air gap aa indi- 
cated by the proximity of the concentric circles is the same aa in 
the ca*i of 4 polos, but the iron back of the slots now has to carry 
only 10 circles and hence has only '^I'a the magnetic density as in 
the case of 4 poles. There is still the same total flux in tlic 
machine, since 4 X 15 = 60 = 6 X 10, and this explains why 
the air-gap density stays the same, but this total flux ie now 
separated into six magnetic circuits instead of four and hence the 
iron in the core back of the slots is not worked nearly so hard. 

Similarly, in the case of 8 poles there are only 7^^ circles, since 
8 X 7^^ = 60, and in the case of 10 poles 6 circles and 12 poles 5 
circles, since 10 X 6 = 60 and 12 X 5 = 60. In other words, 
there is the same total flux in the machine for all these connec- 
tions and the same magnetic density in the air gap, but the core 
iron back of tie slots works at a higher density the smaller the 
number of poles and at a lower density the larger the number of 
poles for which the winding is connected. The obvious precau- 
tion to be drawn from this consideration is that when reconnect- 
ing a winding fora smaller number of poles some check should be 
made to insure that themagnetic density in the core does not exceed 
a safe value. Reference will be made to this in Chapter XII 
on estimating a new winding for an old core. 
2. Generator Action of the Winding. 

This has been referred to several times and will not be elabo- 
rated here beyond calling attention to the fact that the rotating 
magnetic field will always assiune such a value that as it cuts the 
fitfttor coils it will generate in them a voltage practically etiuiva- 
Icnt to the applied line voltage. Since both the number of 
turns in series in the coils and the magnetic density in tiic irnu 
may be varied, there are evidently several combinations that 
would generate the line voltage, some having more turns and less 
field and some having less turns and more field. The practical 
difference between these combinations would be that the fewer 
the turns and the stronger the field the greater would be the 
maximum torque, this being limited by the Baturation of the 
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iron in the core. A Utile tbougbt bringH out the fact th&t ihU is 
equivnlrat to raisiofi and kfWtrring tlio vtilljigi' tin a fixi.-(l winiling. 
Tho higber tbB valtagi; tfai- greater will be the mai^c-ljc CtJd mid 
Ou gmttor th« toniDc flits coDsidvntLio& of Uic gi'tioratmi 
Toltago or countcr^loctromotive foree or back elpciromolive 
fonm is one of the simplest cfat^Jcs on the mimber of turns 
required in a winding- 
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3. Changing the Throw. 

The effect of changing the throw has been thoroughly covtiroil, 
and only the effect on the applied voltage will be shown here as 
a curve, Tig, 148. In this figure full pitch is called 100 per ccut. 
For example, in a 72-slot 6-pole motor the winding would be 100 
per cent, pitch if the coila lay in slots 1 and 13, it would be 
6ti.fi6 per cent, pitch if tho coils lay in slots 1 and 9 or 50 per 
cent, if they lay in slots 1 and 7. Tho curve indieatee how the 
voltage applied to a coil or a winding should be reduced as the 
ooil is chorded \ip if the same magnetic conditions are to be kept, 
or tho reciprocal of tho curve values indicates how tlie density 
of the magnetic field will increase if the voltage is held Bonstact 
while the throw of the coils is decreased. 



H2 



CONNECTtXG WDVCTION MOTORS 



4. All Changes can be Handled as Voltage Changes. 

The statement is here made that any chaDge in the operat- 
ing oharacteri sties of a motor may be reduced to t^rms of a vol- 
tage change and that if the corresponding voltage be applied the 
operation under the new conditions will approximate the normal 
operating conditiona under the original conditions. Since there 
are five main operating eharaeteristics — namely, volts, pimse, 
poles, cycles and horsepower — a brief r&um6 is in order stating 
how each one of these may be considered as a voltage change. 
In other words if, for example, ihe horsepower or phase of a 
motor is to be ai'bitrarily changed, what will be the new operating 
voltage to secure this result? Taking these characteristics in 
order, a voltage change is self-evident since everytliing is to be 
reduced to voltage. In the case of a phase change, two to three 
or vice versa, the voltage on a three-phase connection should be 
$4 of that on the corresponding two-phase connection. For 
example, if a two-phase motor is connected for three-phase and 
everything else left the same, the three-phase connection should be 
operated at J^ the rated voltage of the two-phase, or a two-phase 
440-volt motor when reconnected for three-phase becomes a 
550-volt motor, etc. In Fig. 149 is shown a 48-coil winding 
grouped for two-parallels two-phase 4-polea, if this winding 
will operate on 220 volts two-phase it will also operate on 550 
volts three-plia^ when grouped 4-pole series star, as in Fig. 150. 

In the case of a change in the number of poles, if the voltage 
be changed in the same direction and by the same amount as 
the change in sj>eed, the torque will remain essentially constant 
and the horsepower will vary with the speed, being greater at 
higher speed and less at lower speed in exact proportion. How- 
ever, if for reasons explained in connection with Fig. 147, there 
is not enough iron back of the slots to permit of keeping the 
same total flux and dividing it into fewer circuits with greater 
flux per circuit, the voltage may be kept constant and the horse- 
|K)wer will remain practically constant. The latter condition 
would mean that there is less total magneliic flux and less torcnic 
at higher speeds and greater total flux and greater torque at tower 
speeds, as must necessarily be expected since the horsepower is 
constant and horsepower = torque X r.p.m. ^ 5252. 

A varying frequency can be readily reduced to a corresponding 
voltage change by remembering that a change in frequency with- 
out any other change would result in a change in speed and since 
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tho boain idea of this metliod ifi that tbo motor ie also an altcr- 
iiating-uurrt:iit generator, generating the applied voltage, it i& 
evidont that with an increased speed the generated voltage 
will be iiicrcuscd and with decreased speed the generated voltngo 
will be decreased. Hente, it follows directly that when the fre- 
quency or cycles of the supply circuit are changed tJie voltage 
should be changed by the same amount and in the same direc- 
tion. For example, if a 60-cyc!e motor is run on 50 cycles it 
should have applied only ^ the voltage if the same magnetic 
cntidition is to be kept, and consequently the horsepower will 
be only ^ of the 60-cycle value. Viewed mechanically, the 
torque remains the same on 50 cycles, but the speed is only % 
as great, hence there is only % the horsepower which checks the 
electrical result. 

There remains only a change in horsepower to be converted 
into a voltage change, and this is apparent from the fact that 
in any motor the horsepower is proportional to the product of 
tlie voltage and amperes, Since the cross-section of the copper 
conductor remains the same and hence the amperes remain the 
same, the only thing that can vary is the voltage, and it follows 
directly that to get more horsepower out of a motor requii'es the 
application of a higher voltage and less horsepower will permit 
the use of a lower voltage. 

From these considerations it appears that the effect ot a change 
in any of the characteristics of the motor can be balanced by the 
proper change in the voltage. This statement at once arouses 
the comment that while it might be found that 273 volte or 346 
volts or something of the kind was proper to give normal opera- 
tion on a motor under changed conditions of phase or poles or 
what not, still such information would be of Httle use since there 
are no commercial circuits having such voltage values. The 
answer to this is that the number of tiu^na in the winding or the 
connection of the groups may be changed so as to increase the 
total number of turns in series by the amount that the voltage 
should be decreased; and vice versa, it may be possible to de- 
crease the total number of turns per phase in series by the 
amount that the voltage should be increased. 

Consideration of a simple case under each of the five char- 
acteristics ot horsepower, poles, cycles, phase and voltage will 
bring out the manner of applying the "voltage method" to any 
and all cbangea in the motor-operating conditions. 
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1 . Change in Voltage. 
A molor is cooneoted aeries-star for tlirce-phase 440 volts, as 

in Fig. 151. How should it be connected for 220 volts? [For 
convenience Table V is bere reproduced.) Looking at tho ttttilo 
and following the horizontal line "Three-phase Series Star," there 
appears under vertical heading "Three-phase Series Star," also, 
the figures "100." That is toaay, the motor aait stands on 440 
volts is considered 100 per cent. The new voltage ia to be 220, 
which is 50 per cent, of 440. Hence, the same horizontal line jn 
the table, namely, "Three-phase Series Star," ia followed along 
until the desired figure of 50 is found, which ia under the ver- 
tical heading "Three-phase 2-Parallel Star." This ia the cor- 
rect answer: that is, if a motor is connected three-phase series-star 
for operation on 440 volts, it must be connected three-phase 
2-paraIlel star, as in Fig. 152, to operate correctly on 220 volts. 

2. Change in Phase. 

Refer again to the table and assume that a three-phase 
440-volt motor is to be reconnected for two-phase 440 volts. 
Inspection shows that the winding as it stands on 440 volts 
is four-pole three-phase series-delta, as in Fig. 153, Select 
the horizontal column in the table marked "Three-phase 
Series Delta" and follow it across, looking for a vertical column 
showing the value "100," since the desired two-phase voltage 
is the same as the present three-phase voltage, or 100 per cent. 
Inspection shows that there is no "100" under any two-phase 
connection. This indicates at once that a three-phase aeries- 
delta connected motor which is normally operated on 440 volts 
cannot be changed and operated on two-phase 440 volts, with- 
out rewinding. The nearest value to "100" under a two-phiise 
column is "70," shown under "Two-phase 2-ParaIlels." This 
means that if a three-phase 440-volt motor which is connected 
series delta, be reconnected for 2-parailel two-phaee, as in Fig. 
164, it should be operated on 70 per cent, of 440, or 308 volts. 

3. Change in Frequency. 

It is desired to operate a three-phase 440-volt 60-cycle motor 
on 50 cycles at the same voltage. What change should be made 
in the connections? Inspection indicates that as the motor 
stands it is connected for three-phase 5-paralleI star on 60 cycles. 
A change in frequency should be offset by a change in voltage 
ID the sanic direction and hy the same amount ; hence, if a motor 
ia operated on 100 per cent, voltage on 60 cyclca, it should be 
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connected for ^ of 100, or 83j^ per wnt., vnUage on 50 cycles. 
How«vi;r, the voltjige U to rcmnio tbo sami} on HO cycles aa un 
60 cyclos, so tJiis rosult must bo obttiincd in aoother way. If 
th« voltage cannot be rlotireased ilie number of lurna in fterm 
ctin be increased. AnoUicr vmy of suying this la tlitit we can 
reconnect, the mndinn bo that ordinarily it would bo good for a 
higher voltage and then if U is operated on the sauio voltage tbc 
effect will be the same as if a lower voltage had been applied to 
the originid connection. In tliti cii«e in hund thu motor Bhuiild, 
wben connected on 50 cycles, be operated on 83^^ per cent, of 
ihe OO-cyelo voitago. Only 100 per o«nt. is available, so tlic 
winding will have to be reconnected with ^^r^; = 120 per cenl^ 
of the original number of turns in scries. This would ordi- 
narily mean the winding was good for 120 per cent, of Ibe 
original voltage. Hence, in looking up the change in Ihe con- 
nection table the figure "120" is located instead of 8S}-i. 

Hef erring to tbc table and following the horizontal line " Three- 
phase 5-ParalleI Star" across, search is made forthe figure " 120, " 
the nearest thing to it is " 125, " found under the vertical heading 
"4-Parallel Star," The number of poles ia the motor would have 
to be divisible by both 4 and 5, in order to make this change 
possible; or, in other words, it would have had to he, either 20 
poles or 40 poles. As it may have been 10 poles, for example, 
the nearest connection that could bt^ made would bo for 144 
under "Three-phase 2-Parallel Delta." This would mean the 

144 X 440 
correct operating voltage on 50 cycles would be — ^ „t,— = 528 

voIt«; or, if operated on 440 volts, it would be woi'king under 
ego = SSH per cent, normal voltage, which would usually not 
be permissible on account of lowered torque andincreased heating. 
4. Change in Number of Poles or Speed. 

A 60-cycle three-phase motor is operating on 550 volts at 850 
r.p.m.; it b desirLxl to operate at 690 r.p.m, on the same voltage. 
What change in connections should be made, if any, ia addition 
to changing the number of poles? Inspection shows the motor 
is connected 4-parallel star for 8 poles, as in Pig. 1 55. To get 690 
r.p.m. would reqiure to connect for 10 poles, since this would give 
a no-load speiid of about 720 r.p.m. and a full-load speed of about 
690 r.p.m. Since the motor is a generator also, it will generate 
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only 5eij - = 446 voltB when connected for 10 poles and a 

Blower speed. However, it is desired to continue at 550 volts, so 
that the connectioDS will have to be changed to get the effect of 

^-j = 123 per cent, of the old voltage. In the table opposite 

the horizontal line "Three-phase 4-Parallel Star," the nearest 
figure to "123" is "116," which is found in the vertical column 
headed " Three^jhase, 2-Parallel Delta. " Hence, the conclusion 
is drawn that if an 8-pole motor, Fig 155 is connected three- 
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phase 4-parallel star and operated on 550 volts and it is recon- 
nected for lO-poles 2-paraUel delta, Fig. 156, it may be still 
operated on 550 volts, although, strictly speaking, its oormal 
voltage would be — TnE — = 520 volts. In this example 
no consideration was given to the fact that the throw of the coil 
in electrical degrees was changed in changing from 8 poles to 10 
poles. This can be taken account of in the following way: 

Suppose the motor as it stood had 120 stator slots and the 
coila lay in slots 1 and 13. Full pitch would be 1 and 16, since 
120 
-g- ■■ 15. Since the coils throw 12 slots and full pitch is 16 
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Uio chord factor for 80 per rout, pitdi = 0.85. When rwon- 
ntKilod for 10 poles, th« tbruw of ihi) coils i» still 1 ant) Ui, but this 

120 
is now lOO per cent, pitch since j^, ■= 12 and I and 13 dciL-s apan 

12 alolB. Thnreforc, when connected for 10 poles tJic coils an* 

more offective in tJie ratio of a',., since the chord factor for 100 




per cent, pitch = 1.00 from Fig. 148. Therefore, when the 
change in chord factor is also taken account of, the new normal 
operating voltage is 520, as obtained in the foregoing, multi- 
phcd by „" , = 548 volts, or almost exactly right for operation 
on 550 volts. 
5. Change in Horsepower. 

A 10-h[). 220-voit motor is Operating above the allowable safe 
temperature, on its normal voltage, and it is found by experiment 
that when the voltage is raised to 250 its temperature is reduced 
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to within 8af« Ilmite. Can any choDgo be miidc in tho onnnui!- 
(jonB whicb will allow the motor to bo opcj-atod still on 220 volt» 
and (lupiicato the conditions whiai opprating nn 2JJ0 volts? An 
inspection of tbt: winding shows the motor lu }m connected tlireo- 
phasu serica delta, as in Fig. 153. The experimfiQt which was 

made showed that the voHjige should be increased to 2211 - U^ 
per cent, of its original value. It haa been pointed out that re- 
ducing the number of turns in series in a winding has the same 
effect as increasing tlie voltage on the same number of tumi;. 
In this case if the voltage was raised to 114 per cent, the same 

effect could be obtained by reducing ihe txirns to y^-^ = 87.5 

per cent. Conaixiueutly, in referring to the voltage change 
table, in this case, search is made for "87.5" and not "114." 

Selecting, therefore, the horizontal Une "Three-phase Series 
Delta " in the table and looking across the nearest figure to " 87.5 
is "86," which occurs under the vertical heading "Three-phase 
Parallel Star." Consequently, the conclusion is at once drawn 
that if a 220-volt motor has its connections changed from series- 
delta, Fig. 153, to parallel-star, Fig. 152, it will act in every way 

as though TT-sa — 256 volta had been applied to the aeriea-delta 
connection. This is equivalent to increasing the horsepower of 
the motor, since on the original connection the motor was over- 
loaded when canTing its rated load, but when tJie connections of 
the winding were changed the machine could drive its rated full 
load without distress. The reason for this is that, although the 
density of the magnetic flux was increased the cross-section of 
the copper in the winding was increased, consequently the copper 
losses were reduced. The latter being considerably greater than 
the former resulted in a reduced temperature. The capacity in 
256 

116 per cent. 



horsepower has actually been increased to ^on - 

of its original value. 

From these five examples, which could bo multiplied many 
times and from all sorts of combinations that could bo made by 
changing the characteristics in pairs, it can be readily seen that 
any contemplated change can be reduced to an equivalent change 
in the applied voltage and the proper connection, if it is a fi-nsible 
and rational change, selected from the table of phase and voltage 
given herewith- 
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LOCATIWG FAULTS IN INDUCTION MOTOR WINDINGS 
NOISE AMD VIBRATION 

After the colls have been placpd in a motnr and ihe cross- 
connections completed according to tht dusiivd diagiam, « clieck 
is neeesBary to insure that the connections are properly made 
before load is put on. Tiic siiiipk-st way of making this cheek 
18 to start up the motor and run it liglit on u circuit of the proper 
phaac, fn^qucnuy nod voltage. Obeerviitioii of the behavior of 
the motor under these conditions indicates to the trained ob- 
server whether there are any serious discrepancies in the winding 
or connectionfi. This observation should cover five point«; 
namely, speed, noise, mechanical vibration, general heating of 
the whole winding and local heating of one or more stcparate 
coils. 

The speed, if correct, should be of nearly synchronous value 
when the motor is running without load; that is, equal to cycles 
times 120 divided by the number of poles. 

The motor should give a low humming noise similar to that 
made by transformers, but, there should bo no irregular or " growl- 
ing" noise. There may also be a considerable volume of air noise 
or whistle caused by the ventilating air passing through the air 
ducts in the rotor and stator. The magnetic noise may be 
distinguished from the air noise by the expedient of opening the 
switch for a second or two while the motor is running full speed 
without load. Opening the switch breaks the current and re- 
moves the magnetic field, and consequently the magnetic noise 
ceases, but leaves the rotor running at practically the same speed 
owing to its inertia or stored energy, and hence the windage, or 
air noise, is practically unaffected. In this way, by opening and 
closing the switch two or three times, it becomes readily apparent 
what part of the total sound made by the motor is magnetic 
and what part is windage. It also indicates whether cither or 
both of these sounds are atjnonnal. If the speed is correct and 
the motor makes no more than a reasonable 
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noise, the hand ahould be placed dq the frame to note the m^ 
chanical vibratioD. 

If thtrro is noticeable mechatiieal vibratiou, it may be due to 

purely mechanical causes or to magnetie causes or possibly to 
both. By opening and closing the switch, as dcsoribed in the 
foregoing, the mechanical vibration due to the magnetic field 
can be easily separated from that due to strictly mechanical 
causes, because when the switch ia open there is no maguetic 
field present. Suppose, for example, that when the motor is 
running at fuU speed there ia a marked vibration or trembling that 
can be felt when the hand is laid on the frame of the motor. 
Suppose, then, that when the switch ia opened for a second or two 
the vibration disappears and the motor rotates smoothly at 
nearly the same rate of speed. This, then, ia evidence that the 
vibration was caused by the action of the magnetic field on the 
Btator and rotor. However, if the motor vibrates whether the 
switch is open or clawed, it is evidence that the action is purely 
mechanical and is affected little or not at all by the presence of 
the magnetic field. 

When the trouble is traceable to the magnetic field, it may in<li- 
cate improper connection of the winding or it may indicate that 
the mechanical clearance between stator and rotor is not sym- 
metrical or that there is some similar combination of mechanical 
and magnetic features that is responsible for the vibration notice- 
able. The commoneat mechanical causes for vibration are rotor 
out of balance, either atanding or running; bent shaft; too great 
clearance between shaft and bearings; unbalanced or eccentric 
coupUng or pulley or a combination of two or more of these 
faults. These mechanical conditions are easily determined and 
can be corrected. The commonest causes of mechanical vibra- 
tion due to a combination of mechanical and magnetic conditions 
are rotor out of round, stator out of round, too great clearance 
in the bearings, or rarely, uneven or eccentric air gap or clearance 
between stator and rotor. The latter point seldom givea trouble 
and a polyphase motor will practically always run without giving 
any trouble until the bearing wear allows the rotor to strike on 
the stator. Single-phase motors are more sensitive to eccentrici- 
ties in the air gap or clearance between stator and rotor and 
sometimes show a considerable variation in torque in motors 
otherwise duplicate due to such irregularities. 

There ore a number of elementA that may cause the rotor or 
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r to be out of round. In the first place there is a slight 
1 due to the punch-aod-die work, which may amount to 
i in. hotwcen individual punnhin^s. In tbc aocond pkcc 
E allawancB around the outside of the punching must bo mado 
In liio flxtUFH fjc franif! in whiob Uify are built up so liiat they will 
juiiemble readily, nnd this ullows tlic punchiogy to stoggor more 
or less. In the third place when tb<> punchinics are actually 
assembled in the frame, the frame may spring out of sliape shghtly 
after machining, owing to the release of casting strains wboji ^^- 
moving the materifll in the out. Of course none of t^iesc varia^ 
tions is in itself Uirge, but ■when thoy all accumulate in the same 
dirtiotion, porueptible eccejitricity may rpsult amounting to a 
good many tliousandths of an inch. This is not serious, ainco it 
is present to some extent in all motors, but. under extreme or 
extraordinary conditions it may chusc medi:ijii«al vibration, 

Mechanical vibration caused by the windings may be due to 
either the rotor or the stator. For example, in a aquirrcl-eagc 
rotor there may bo bad contacts between certain bars and the 
short-circuiting rings, resulting in more resistance in some part* 
of the winding than in others. This in turn affects the distri- 
bution of current in the different bars and hence affects the mag- 
netic field and varies the mechanical pull from point to point. 
Or if the winding on the rotor of a wound-rotor type motor is 
ground in a number of places, it will also cause unequal distri- 
bution of the current in the windings, which in turn causes severe 
vibration during the starting period. However, this generally 
disappears to a large extent after the motor comes up to full 
speed. From this it may be seen that where mechanical vibra- 
tion is absent the conclusion may be drawn that the windings 
are symmetrical and are functioning properly, but where vibra- 
tion ia present it may be caused by a munber of things, some of 
them obscure, and must not immediately be attributed to im- 
proper winding connections until a further examination is mode. 

The next point to be observed is the general temperature of 
the entire winding as determined by passing the hand around the 
ends of the windings. It is best practice in making this examma- 
tjon to abut down the motor after it has run three to five minutes. 
If the uxa.niiiiftf ion is made while the motor is running, care should 
be taken to avoid injury by coming in contact with moving parts 
and also to avoid injiuy from electric shock, if the circuit is 550 
volts or over. If the winding as a whole is cool, inspection should 
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be made for individual coils that are much hotter than the rest 
of the winding, as these may indicate short-circuita or improper 

comiections in that particular coil. 

If a motor is oppratinR freely and easily at the proper speed 
mthout undue noise or mechanical vibration and if there is no 
general or loral hoafing of the winding, thcnext step is to meas- 
ure the curi-ent in each phase. This may be done as indicated in 
Figs. 157, 15S and 159. If possible an ammeter should be con- 
nected in each phase so that the readings of all phases may be 
taken simultaneously. For a two-phase motor two ammeters are 
required, as in Figs. 157 and 158, and for a three-phase motor 
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three ammeters are required, as in Fig. 159. The no-load, or 
magnetizing current as it is called, will usually be somewhere 
between 15 and 35 per cent, of the full-load current with an aver- 
age value of perhaps 25 per cent. If the no-load current in all 
phases is equal and approximately 25 per cent, of the full load, 
it is safe to assume that the winding connectioas are properly 
made. If a wattmeter is available, a further check might bemade 
on the total watts taken by the motor running light, but that 
docs not add greatly to the ammeter check. The connections 
for connecting two wattmeters in a two-phase four-wire circuit 
are given in Fig. 160 and for a three-phase circuit in Fig. 161. 
The connections for a three-wire two-phase woiild also be the 
same as those in Fig. 161; where only one wattmeter is available, 
it may be connected into a three-phase circuit with a single-pole 
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switch, 08 in Fig. 162, so tlmt the two readings may bo taken by 
simply thromng liie switch. In a two-phiisc rircuJt tlii; total 
wutto will lUways ho the sum of the two rpadinga, but in a three- 
phase cij'cuit. t-hiB is true only when ttic power faatnr i» gr«atcr 
than 0.50. Wlieru two ivattniotere are used to meaBurc the no- 
load watts of a thrpR-pha.'ie motor, the difference of the t.wo rcjid- 
ings jpvos thii correct viihie of tlie watts, since the power factor 
of an indncLjjtn motor at no \viul is always \eea ihan 0..W. The 
waits taken at no load nnd full speed and voltag<i uovcr the iron 
loss, bearing friction, windage and a small amount of copper loss. 
The total no-load watts will in gensral be in llic order of 6 per 




uent. to 8 per cent, of ihi, lating of the motor in watts varying with 
the capacity and speed of the motor. The motor rating in watts 
would be the horsepower from the nameplate multipied by 746. 

Tf the foregoing checks indicate that the motor is not acting 
normally, they should also give some evidence that there ia a 
fault in the coils of the winding or in the manner in which these 
coils arc connected, and further search is made to analyze the 
nature of this fault so that it may be located and corrected, 

The winding of an induction motor is made up of a number 
of similar coils connected into groups. These groups in turn are 
connected in such a manner that when an alternating current 
of the proper characteristics Hows through them, a magnetic 
field having alicrnato north and south poles is set up and caused 
to rotate in the motor. The coil itself is usually made up of 
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two or more turns of wire or etrap 8o that thftre are at leaat ten 
cbaniies for defects in the winding after the coila arc all in pliice 
and connected. Some of these faults are simple and readily 
rectified, wliilc others are niuri; obscure and difliciilt to handle. 

The Ten Most Common Defects. 

These ten most cumtuon defects in the order of thvir hkelihood 
ore: 

1. The winding grounded on the core. 

2. One or more tiirna in one or more coila short -rirniitcd. 




3. One or more complete coils short-circuitt-d at the i:oi] onds 
or at thi; "atubM." 

4. A complete coil reversed ur eoimected su that thf i.;iirreiit 
flows through it in the wrong direction. 

5. A complete group of coild or pole-phase group is rovtii-sed; 
that is, connected so that the cun-ent flows through the group 
in the wrong direction, making a north pole where a south ithould 
be or vice versa. 
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6. Omag to Uck of care m ooimttng, two or more pole-phsae 
groups may includo the wrong iiural>er of ooils- 

7. A coiiipluto pliftHC ID A tbree-phaee stm at delta winding ie 
reverse*!. 







8, The winding connections may be properly made in them- 
eelves, but not right for the voltage upon which the motor ia 
to be operated. That is, the motor may be connected properly 
for 110 or 440 volts, but the motor is to operate on 220 volts. 

9- The winding (jonnectione are properly made, but they are 
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for the wrong number of poles, and hence the motor runs »t a 
diiTareot speed from that which wns ititondud. 

10. An ojicn t;irouit. ftmii«whcje in the winding, or one or more 
coib are omitted and left out of the winding, known as "dead" 
aiils. 

The manner in wliich thesB various faults occur can be best 
understood by referring to what takes place, first, in winding 
and insulating the coils, and, second, in placing them in the core 
and connecting them. 

Fig. 164 shows a coil of the usual form wound up from several 
turns of wire and insulated ready to be used in iJie slot; Fig, IG3, 




Fio. IGS. — Individuul ooil with inaulnliciD removed to ahow "sliorts" and 



the operation of winding these coils in place in the core; and Fig- 
165, the coila all in place ready for connecting. The coila con- 
nected into pole-phase groups, with the coil ends at the begin- 
ning of each group bent into the bore and the coil ends at the end 
of each group bent out toward the frame are shown in Fig 160. 
The cross-connections are made in Fig, 167, thus completing 
the winding connections. Fig, 108 shows the coil in Fig. IC4 
as it would appear if the insulation were stripped off and in- 
dividual turns of wire separated. 

Grounds. 

The first fault listed— grounding of the winding on the core — 
occurs when in some manner the insulation becomes stripped 
from the coil and also the cotton covering from the wire so that 
at some poinf, as .it A, Fig. 109, the bare-copper conductor 
touches the laminated-iron core and by so doing "grounds" 
the winding. This means that a live current-carrying part ifi 
touching the metal structure of the motOFi and when thie eon- 
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diUoQ cit^s aa>-oae vrho louchess the fnunc of the motor actually 
touches a live conductor. This may not lie detected if tho entire 
winding and the supply circuit otKermM! ia free from Rrounds, 
but it often happens tJiat olJier grounds arc present eomewbere 
in tha system so that in standing on the gmuud aud tomOiing 
the fratno of tlie machine ihe chances are very pmd of gettiniE k 
shock at a voltage thai may i-<]UHl that of (ho supply circuit. 
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eferring to Figs, 168 and lliO, should two grounds occur 

Biniultaneously, aa for example, at A and B, a short-circuit would 
be formed in the loop, Fig. 16S, from B through 11, 12 and 13 to 
A ; and if the normal voltage remained on the motor, this short- 
circuited turn would inunediately become hot enough to destroy 
the insulation on the complete coil. This is the second fault 
listed and may occur without grounding by the touching of the 
bare conductor of adjacent turns as at C, where the complete 
short-circuit follows the path of C 2, 3, 4, 5, 0, 7 and C. 

Sfaort-Circuits. 

The third fault — short-circuiting a complete coit — can also be 
seen from Fig. 168 and exists when the insulation of the endaof the 
ooil 1 and 14 become damaged and allow these two wires to 
touch, as at Z>. A current then flows in tho entire coil, in addi- 
tion to and aside from tho line current, cqiiiil to the voltage of the 
coil divided by its impedance. In other words, what happens is 



162 



CONNBCriNO IJiDUCTIOlf UOTOHS 



equivalent to roniovini; that pitrtioular coU from Uic main windttif; 
where it is generutiug its share of tbo useful counter^Iccfro- 
motive force »nd uain|[ up this same generated or induced counter- 
voUafto, simply, to fori'o rurrent throiigh the ooil itsolf. This 
coil would hpat up practically as fast as would any induction 
motror winding if the rotor was hi-ld from rotating and tull-limi 
voltage appUed to the stator winding. 
Reversed Coil. 

Thp fourth fault occurs when the two leads of a noil arc intx'r- 
changed, as at A', Fig. 170. This has the eSuct of causing the 
one coil, or in tliis case coil I', to "buck" ail the otiier coils in 
the same pole-phase group. Expressing this in another way, 
the cross-connected coil is trying to produce a magnntio north 
pole when all tho other coils in its group are prodnciug a south 
pole. The effect of this is magnetic dissymmetry and manifests 
itself, as do most irregularities in winding, in noise and heating. 

Reversed Group. 

The fifth fault, and one that can ocuur readily in connecting, 
is when an entire pole-phase group is reversed, as at Z, Fig. 170. 
Tills can be understood from Fig. 166. The beginnings of all 
pole-phase groups are bent in toward the center of the bore, and 
the endings are all bent out. Should one of the ends bent out be 
used as a beginning and the other end as an ending, the entire 
group would be reversed with consequent magnetic distortion 
and trouble due to noise and heating. 

Wrong Grouping. 

The sLxth fault is one due wholly to wrong counting in grouping 
the coils. In a three-phase four-pole motor with 48 coils there 
should be in each group 48 h- (3 X 4) = 4 coils, and the presence 
of 3 coils or 5 coils in any group constitutes the sixth fault as 
they are here listed. This is also shown in Fig. 170, where ail 
the groups have 4 coils except A' and B', which have S and 3 
coils respectively. 

Reversed Phase. 

The seventh fault is prea?nt only in the case of three-phaae 
motors and consists in reversing the ends of one-third of tho 
winding so that one leg of tht? star or one side of the delta is con- 
nected in such a way that the voltages generated in the three 
phases are only 60 electrical degrees apart, whereas the currcDta 
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supplied from any nomml thrite-phasc generator aio 120 olectrical 
det^recs apart, ood henco ihcao tlirco voltages mid currcuts cannot 
combine to produce powtjr as th^y propt-rly bIiquW. This can 
bt! uiidfretood hy rcfi>rring to Figa. 172 and 173. l-'ig. 172 shows 
the three voltagijs gt'nia-iittid in a throts-phast! winding as rcpro- 
Hented by threo arrows or vectors arranged 120 deg. apart, if, 
however, one pliaae of the winding was reversed and the lead con- 
tiected to the star point and trice versa, the back, or coimter- 
electromotive, forcp generated in that winding would bo reversed 
and would no longer be 120 deg. from the voltages in the other 
two phases, but would be 00 deg. from them, as in t'ig. 173. Thi.-i 
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would mean that the magneLic field in the stator, instead of 
being a balanced Buccession of north and south poles rotating 
and pulling the rotor aroimd, would become unbalanced and 
would no longer rotate properly, Aceording to another metltod 
of looking at the nia,ttfr, there would be one field rotating clock- 
wise and another different kind of a field rotating countendock- 
wise, and the natural result would be that these two fields would 
interfere, and instead of rotating, the motor would remain at a 
standstill, emitting an unusual amount of noise and reaching a 
dangerous temperature in a very short time. 

A four-pole three-phase winding with the B phase reversed is 
shown in Fig. 171. It will be observed that instead of the arrows 
on the pole-phase groups pointing in alternate opposite directions, 
as they should for a correct connection, they point in opposite 
directions in groups of three. Further consideration will be 
given this feature later in this chapter. 
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Connected for Wrong Volt^e. 

iu the ciiibUi fuull Uir wisrlitig cniuiectioiia are all made prup- 
criy to form the uisgDftic po\ij» in Ibcir proper sc(|Uodoc, but 
tiuira ar« only h&lf as many turns in sense or perliape twice aa 
mtoy B« tbcri' should bp. Wlico ihid U discovered, tiic winding 
may be wiflh ad to pfirmit nomiecting in series instead of parallel 
or vi«j vcraa, but und<.'r the worst conditions it may bo neceesary 
to remove the entire set of coils and replace with a new set having 
the prop<,T numimr of tHma for the required voltage. 

Wrong Number of Poles. 

The ninth fiiult is sometimes overlooked unless the speed is 
tuke^ mth a tachometer or speed counter, in which case it is 
readily detected. Its correction is not alwaj^e either evident or 
simple, but can often be accomplished without change in roib 
by following some one of the various methods described in 
Chaptera IV and Vill. 

Open-Circuits, 

The tenth fault, "open-circuits," may be due to failure to 
tiolder a joint properly or to a joint being broken mechanically 
after having been once made. "Dead" coils are usually purely 
inadvertent and are sometimes present without being discovered 
at all. Such an occurrence could hardly happen unless there 
were a large number of small coils crowded together. 

After the enumeration of the commonest errors made by the 
winder, as outlined above, the next step is to consider them in 
turn with particular reference to how each may be detected and 
corrected. 

First Fault : Grounds. If the ground is fairly low resistance — 
that is, the bare copper of the winding touches the core — the 
defect may be detected by using an incandescent lamp arranged 
as shown in Fig. 174. One of the lamp leads is touched to a bare 
spot on the winding — for example, a terminal connector or a 
"stub" where two adjacent coils are connected — and the other 
is touched to the bare metal of the motor frame at some point not 
protected by paint. If there is a ground present, the lamp lights 
up. Another common method is by "ringing out" with a mag- 
neto similar to that used in telephone worlc. In tliia method the 
terminals of the magneto arc applied, one to the winding and the 
other to the frame similar to the procedure in Fig. 174, and the 
handle is turned. If the bell rings, there is probably a ground 
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in the winding. A third nmthod employs a " lusting box," 
which is n-ally b truusformttr for obtaining voltage much bigber 
than thfi normal vollagfi of yhv. motor under test. These box(.-8 
give 2,000 or 3,000 or more volts and readily detect grounds on 
windings of 550 volts and below. The tt'St box is so umuigud 
that when Uic tcruiinab arc nppUed as in Fig. 174, the presence 
of a ground instantly opens a drcuit-breakpr on the aide of thp 
boK. 

Having established the fact that the winding is grounded by 
8omi> one nf thi> fort-going mctliode, tlii; nwst probkui is to locate 
in wliich coil or what part of the winding it has occurred. This 




Fio. 174.— Lamp test tor eroimda. 

can sometimes be done by inspection, but soraetimeB requires 

other means. The most usual of these is to put enough voltage 
on the ground with the lamp device of Fig, 174, or the test box, 
80 that the resulting current heats up the contact that is causing 
tile ground and it becomes evident through smoke or slight arcing. 
This will generally require two or more lamps connected in par- 
allel. When the ground is definitely located, it is corrected by 
repairing the insulation at this point by retaping the coil, or 
replacing the defective slot celt or whatever may be causing the 
trouble. Sometimes the ground cannot be "smoked out" in 
this manner, and it then becomes necessary to open up the wind- 
ing at two or three places and test out the different pieces to find 
ill which one the ground is present. If it is Ptill not (.-vident, the 
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dcfedJvc scctioQ of Uie winding: is furtbor btydccn into smaller 
pieces and the seriroh pursued until the trouble- fs (inally run doTro 
to UiD isdividuitl uoil vfhkh is dofcotive. It ia seldom ni.-nc-8.iary 
to go so far, aa the ground (urmahes Dvidcacu of its louation oa 
mun »s the voltagt' in put noross H- 

Seccmd and Tbird Faults: Short-cirvuit of n fovr tuni» in n 
coil, or a single coil oompIr;tely Rhortr-oircuiti^, becomf^ hot in a 
short time if the motor is nm light on norinal vultiigc. Thi^lr 
[ffeseuoc can bo dniacUid by feeling around the winding with tiia 
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hand immediately after starting the machine and noting if some 
individual coils are much warmer than othera, A device for 
detecting such ahort-circuita before the rotor is put in the atator 
and without applying any voltage to the winding itself is shown 
in Fig. 175. This device is somewhat similar to a large horseshoe 
magnet excepting that the iron part is built up of laminations, 
or it may be considered as a core-type transformer having a 
primary coil only with one side of the iron core missing. The 
coil ia excited with alternating current of suitable voltage, and 
then tJie complete device ja passed slowly around the bore of the 
niachino being tested as shown in Fig. 1 76. In passing around, if 
the testing device passes over any ehort-eircuitcd turn or coil, 
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8uch sliort'-circiiit imnii^diatfOy acte b8 a sbort-cirouitod Hccondtuy 
coil on a traiusfomicr of whith the exciting ooil on the testing 
device is the primary nnd whoes magnetic circuit ia mnde partly 
by the teating dovine and partJy by the core of the ninchine under 
test. As in any short-circuited transformer, an increased cmv 
rcBt flows both in the primary and secondary coil and can he 
detected by an ammeter in series witJi the device or by the heating 




Fia, 175. 



that immediately takes place in the defective coil, or by the 
attraction that the short-circuited coil has for a strip of sheet 
iron. By passing the device slowly around the core and observ- 
ing its behavior from point to point, short-circuits can readily be 
detected. This refers particularly to Bhort-circuits in individual 
turns or in one complete coil. A short-circuit of a complete 
pole-phase group is more readily located by a oompaaa teat, aod a 
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Ebort-cireuit of so cDlirc phaso inuj bo Idcatod by a "balance 
teat." 

Tli« "comjwss test" rofcirrd to in the prt'citdmg paritgniph 
oooeiat3 in passing a camp;aaB slowly around the bore of the etator 
from which the roior has bc«n Pt-moved ftnJ which has the wind- 
ing excited by direct current tjf tho valuo of about one-third the 
full-load alternating ciirmul. The etToct of this direut cum-Dt is 
to set up north and south poles alternately in the phase which is 
fscited, and as thr: compasH is pasacd slowly around the bore its 
nvedle reverses with the polajity, and by marking the polarity 
plus and minus with chalk marks in the bore, the chalk marks 
immediately indicntc the corn-ctntiss or faults in liic winding. 
If it is a two-phase machine, the direct current is put on each 
phase spparately and the check is made. I'"or a three-phase star 
winding cauac the direct current to flow from each lead to the 
star by making three obaervaliona, and mark the polarity only on 
the groups from the lead to the star in each phase separately. 
This can be readily understood by referring to Fig, 177 and I77a. 
For the first observation put the direct-current plus lead on A and 
the minus on the star connection, then pass the compass around the 
bore and mark the polarity of the groups from A to the star 
point with an arrow, the arrow pomting in tho same direction as 
the compass needle. For the second observation put the direct- 
current plus lead on B and the minus lead on the star connection 
and passing the compass around marking the polarity of the 
groups from B to the star point. For the third observation put 
tho du-ect-current plus lead on C and the minus on the star, and 
by means of the compass determine and mark the polarity of the 
groups from C to the star point. If the three observations have 
been made correctly, there will be a chalk arrow on each pole- 
phase group of the winding, and if the winding is correctly con- 
nected, these chalk arrows wiil alternate north and south, as 
shown in the Fig. 177. In case of a short-circuit of a complete 
pole-phase group the compass needle will not be deflected. If a 
three-phase delta winding is being checked, open the delta con- 
nection at one lead, as in Fig. 178, and 178a connect the direct- 
current source in so that the current flows through the three 
j>haBC8 in series, and if the pole-phaae groups be checked for 
polarity, the arrows will reverse as just de8(!ribed for the star 
winding. 

Tho " balance test " referred to consists in checking each phase 
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of the mndlog efiparatcly with tow-voltage alti'jQatinx outtviiI, 
ssy 20 per tmnt. of aomiol full voltage, nod mROsuriiig the am- 
porrs to t^eiik tbe imfi^diuire rongbiy aud Ki>e if it is the aiuns ia 
ail phases. The connwtions for u itar-ooimcct^il vriadJng arc 
made, m in Fig. 179, so ihai the current can be measured in each 
phasp, with an aintii«>tpr. The lon-voUagu altcrnating-currvnt 
source is, in al! esses, cotmepted acmes one terminal, A, B, ur C, 
and the etur tu in thv Ggurc, The nnuutitftr should read the 
aame in all three leads. For a delta-ooiuKwted winding it is 
ni^isaarj- (o opwa the delta «ooDectinB8 at some point, as at .A, 
then t«st acroM each phaac separately. This teat is made on thn 
HtAlor only and with the rotor removed. 

Fourth and Fifth Faults ; Reversal of one or more coils in a 
group or group of coils. It happens that individual coila or 
somi<tiiries entire groups arc conntrted io backward. If th« 
error is confined to one coil it does not usually show up on a 
"balance test" and would not be found on a resistance test-, 
since the resistance would be the same no matter which way tho 
«oiI wits conni-'Cted. Such reversed coils or groups can be located 
by means of the compass test described under '" Short-Circuits." 
If an individual coil is reversed, it will show a tendency to reverse 
the compass needle when the needle is directly over that coil. 
If an entire pole-phase group is reversed, the compass needle 
will indicate the same direction of field on three successive groups, 
as at Z, Fig. 180. Also if a coil is left out of ckcnit, or "dead," 
as listed under the tenth fault, the compass needle will indicate 
an irregularity at the instant of passing over that particular coil. 
By ehecMng the three phases of a three-phase winding separately, 
with a compass, as described under the second and third faults, 
it is possible t« check for the reversal of an entire phase. 

Sixth Fault : This is the cose where one coil too many or too 
few ia connected in a pole-phase group, as at A' and B', Fig. 180, 
The best chi'ck on this is a visual inspection and count of the 
"atuba" at the end of each group, and when the trouble is located 
it ia corrected by disconnecting, regrouping and reconnecting. 

Seventh Fault: The reversal of an entire phase in a three- 
phase winding usually manifest.^ itself in a very pronounced man- 
ner when tlic motor is run light. If the rotor turns over at all 
it is probably at a speed very much less than normal and emits a 
loud, growhng noise and immediately becomes hot. This fault 
may also be detected by the compass teat, na described under 
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faults two and Uitov. Tha arrtm-s on Uiu windiagi vrtil point in 
graupe of ibroo in oppodt<> directions, as in Fig. JS I . The remedy 
vrh<:n iJiudc-fvct is found is ixtopv-o ihn fitar point and iisclhuBtjU' 
point on the dofectJTc phae<>, vrtiicb is the Ji phosv in Fig. 181, fnr 
s leai] sod l)riuipD|$tliu i-nd that won n lend to tlic star, thiu giv- 
ing the connection, Fig. 177. In a tvro-pbasc winding tben> isno 
(roablc with rcvur^-d phase for the reaoon that if tbt; din-otion 
of rotation ti the motor is wrong, the leads may be easily 
reversed mit«idn of the motor and the oorwct rotulion 9i?curwJ. 

Eighth Fault: ConiKctJon for wrong voltiigc. If a motor is 
connectt^d for a lower volt^ffe than the circuit upon which it is 
operating, the no-load eurrcnt becomi^ Hx<:essivc and may even 
approach foU-lood value. There is a pronouneed magnetic bimi 
and a vibnitJon indicating tltat the field i« very tttrong, whicli is 
the case. On the othex hand, if the motor is connected for a 
highi-r voltage than that upon which it is being tried, the no-load 
current is very small and the motor apparently "puUa out" on 
much less than its rated full load. If these faults are a matter of 
half-voltage or double voltage, for example, they can usually be 
detected without much trouble; but if the variation is less, this 
becomes a more difficult matter and in the absence of any other 
official data it eometimea becomes necessary to take a brake test 
to determine what the trouble is- After the difficulty and its 
extent have been determined, a recomicction of the groups can 
usually be made which will give the proper operating conditions. 
For example, if it is found that the winding is connected acrieg- 
slar as in Fig. 177, and the motor is connected for 440 volts, 
when it is to be operated on a 220-volt circuit the winding should 
be changed to parallel star, as in Fig. 182, and the operation will 
be normal. 

Ninth Fault: The easiest way to detect a connection for the 
wrong number of poles is to run the motor light and take the 
speed with a tachometer or speed counter. When it is found that 
the winding is connected for the wrong number of poles, the pos- 
Btbility of reconnecting can be determined by methods suggested 
in Chap. X. 

Tenth Fault: Open-circuits are manifest from the fact that 
the motor will not start, but acts as if it were operating single- 
phase. It is easy to detemiinc, in a star-connected winding, in 
which phase the open-circuit exists by connecting all phase leads 
to the starting transformer and opemng them one at a time to 
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see in which lead no current is flowing. In Fig. 183 assume tl 
the open is in pha£c C at X. Then if lead A is open, no current 
will flow through the motor, since the path is from B to C and 
is open at ,Y. If the B lead is disconnected with A, and C con- 
nected, no current can flow, since the C phase is still in circuit. If 
C is disconnected with A and B lead connected in circuit, then 
C, the defective phase, will be cut out of circuit and currejit will 
flow in the A and B windings of the motor and it will act as if 
operating single-phase, which will be indicated by the motor 
emitting a humming sound. When the defective phase is located, 
it is not always apparent just where the break is. A visual in- 
spection may fail to show the break on account of tape over the 
defect or for some other reason. If this point cannot bo located 
by inspection, a simple method of finding it electrically is indi- 
cated by referring to Fig. 183. A tost voltage somewhat lower 
than normal or whatever ia convenient is then appUed to B and C, 
and a suitable voltmeter is used to measure the voltage between 
B and various points along the C phase, as, for example, 1, 2, and 
3, which are chosen at random along the "studs," or coiUto-coil 
connections, or on the group cross-connections, as in the figure. 
With the condition as shown in Fig. 183, assume that 110 volts 
has been applied to the B and C terminals of the winding, as 
shown. If one lead from the voltmeter be attached to B and the 
other lead touched successively to C and 1, 2 and 3, the voltmeter 
will read 110 volts between B and C, B and 1, B and 2, and zero 
volts between B and 3, since the C phase is open at A". The con- 
clusion is immediately and properly reached that the break ia 
between 2 and 3 and with the inspection narrowed down to this 
small section of the winding the break is usually apparent. How- 
ever, should the break not be discovered by inspection, points can 
be selected with finer steps between 2 and 3 and voltage readings 
taken until the defect is narrowed to the exact coil or piece of 
cross-connection where it exists. 

In the case of a delta connection one of the simplest ways to 
detect an open-circuit would be to open the connection at one 
terminal of the delta, such as ^ in Fig. 178, and connect a test 
circuit across the open. If the winding is open no current will 
flow. The phase with the open in may be located by testing 
acroKs each phase separately. If a Limp is used to make the teat, 
the defective phase will be indicated by failure of the lamp to 
light. After the faulty phaee has been located, the location ol 
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the defect can be determined as for the star connection, Fig. 183. 
There are all manners of parallel-star and other groupings in 
which it is difficult to locate an open-circuit, since an open in one 
parallel group does not open the circuit through the phase, but 
in only one of the parallel groups. For cxajnple, in Fig. 184 an 
open in phase C at X will not open the phase between terminals 
B and C, but only through C". Therefore, to detect the open 
group it will be necessary to break the winding up into its parallel 
groups and test each group separately. The defective phase 
could be detected by the balance test as previously described. 




Via. 184. 
Fio. 1S4 and 185.— Locatine >> 



First, open the delta connection, for example, at A, Fig. 185, 
then apply the low-voltage alternating current between points 
A and B and measure the current with an ammeter, test between 
A and B, B and C and between C and At. The phase with the 
open circuit, which in this case is C, will show a lower reading 
than the other two phases, after which all that is necessary is 
to break the phase up into its parallel groups and test thedefect- 
ive group for opens, as explained in Fig. 183. 

Usual Order of Locatiiig Defects. 

These are the defects that commonly occur and the usual 
method of locating them. In checking for these defects the order 
usually observed is aa follows : After the winder has completed 
the connection of the entire winding, his work is checked, pref- 
erably by a second winder, against the winding diagram speci- 
fied for that particular job. The coils per group are counted and 
a visual inspection made for short-circuits, open circuits and 
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rvrenrd eoib, croups or phases. A bslaocv l4^ it made un the 
Raior klooe with low rolta^ to sw IT. rou^bly, tli? aauic currcat 
floHx in tlte Tarious pbaas. A bigh-volta^ l<st U tb^Q m&dt' on 
ibe iwffiilMiiTn to insun that tbc ixai» &n' oot grotUHlnl oo Ula 
iran cfse, or that thae ia so ebcor-ciiTuh between tbe rcmduciois 
of the difforobt phuBS. If crvrytliiqis is saiidmclory up to tiiif 
poioi, tbe rotor is ihea assembled io the etaior and ihc machine 
ptvptuvd for a nmning tfst. The n^istancw of Lho ninilintt w 
mcafiured cm all pha^is, And if alilti-, thu marhioc is pa»od fur 
noDin^ I<4l wiliuHit load. Sufficu-iit volta^ U applied vo eiait 
the rotor, and if it comes up to fpt-cd quii-'ldy without apparttit 
distreffi or irregularity of any kind, tbe spp«d i= chedced. to verify 
whrtbcj- the winding has the pnjpcf numbt;r of poliA. The. \cia- 
penUnm of the wiodiog is thiai tesunl with the band, passing <.-om- 
pfct*Jy around the maciiine and u»ing Bare ifuit ibe mtatiitK 
member and its pans do not stake the obser\-«r. If Qettlicr 
ggwral heating nor hot spots ar« obd^ircd, th« rtdtagc is raised 
Ui normal and the no-load current in oil phaaes and the total 
watt£ are read- If these values check vrith the previous tests on 
■utiilar machines or with calculatioos, the windings are considered 
to be correctly connected. If the motor does not readily como 
Up Io sp(!cd or the phases do not balance or thci« are signs of 
tmcqiul besting in the winding or other tUstress, the rotor is 
removed and the connections again checked. If the error is 
stin not apparent and a source of direct current b available, the 
compaea test may be applied. Having exhausted thia resource 
without avail, the problem is ono that can Ix* solvfd only by 
some expedient at the command of an experienced designing 
ra^eer, but such appeals are very a«ldom required, as tho. 
trouble usually appears from the simple tests descnbed. 



CHAPTER XII 

HOW TO FIGURE A NEW WINDING FOR AN OLD CORE 

It is felt by the author that this book is not quite complete 
without giving some idea of how a winding may be figured for 
a given core without reference to any winding that might pre- 
viously have been on the core, but simply with a view to getting 
a given horsepower out of it at a given voltage, speed, phase and 
frequency. Obviously in a chapter with the limited space as- 
signed to this one, there cannot be attempted a complete treatise 
on the design of induction motors with detailed methods of cal- 
culation which will make him who reads a finished designer. 
There are many excellent books on this subject and a few which 
are so written as to be useful to the practical man in his work, 
If the foregoing chapters have aroused sufficient interest in the 
general matter of design, some of these longer works can be 
consulted for an exhaustive treatment of the entire subject. 
The author feels, however, after personal knowledge of many 
cases of windings roughly estimated by practical winders which 
performed satisfactorily, that an approximate idea of what is 
required in a winding to do a certain job can be had without 
involving so great a mass of calculation that errors creep in 
through the volume of figures alone, or without an advanced 
theoretical training in all the phenomena of alternating cur- 
rents which are involved in the operation of induction motors. 
It should be understood that with the short cut methods and 
the abbreviated consideration herewith presented, it is not in- 
tended or expected that anyone will produce finished and ele- 
gant designs; but it is believed that in an emergency, when time 
is of the essence of the consideration and some chances can cheer- 
fully be taken, the method presented will give an approximation 
to the correct winding which will be satisfactorily operative in 
a high percentage of cases. If the writer is checked by his 
peers, the designing engineers, he should like to have it undei> 
stood that he is not attempting to tell all the experience he has 
accumulated nor to elaborate a new system of design calculation, 
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but be ta attemptme to tdl our friends, whoso coDccro it i* to 
make rriDlors run and kwp Ibi-ni nmnmg, what llic-y may do to 
help ibemseUiffi when all liisc disignuig ungiQcors an: s ihouB&ail 
uitlm BW!»y and Ihe job has (o bo running next wwk. Tborefore 
in this discusaioi} while reference is made to all Oic polnte connd- 
etwd by the dcMKniog engineer only ihoee points are covered in 
detail n'liich it is felt nre the most, vital and tliedo ftrc handled in 
as elementary a manner as possible. 



Effect ot the Winding on the Perfonoance. 

The perfonnanco of ai» indviclion motor is made tip of a numbc-T 
of diffeanent things. It must be able to start its load without 
diBwing from the supply circuit an abnormal amouot of current. 
It roust be able to carry it« load, as long as it runs, with a reaswD- 
able temperature rise and at a reasonable power factor. 

It muat have a good efficiency, that is to say it roust not draw 
from the supply circuit an amount of eoci^ greatly in excess of 
that represented by the work being done. It must have as much 
mechanical clearance as possible between the stationary and 
rotating members so eis to increase the life of the bearings. It 
must have a momentary overload capacity of from one and one 
half to two times normal full load torque without " pulling out " 
or stalling. And it must ha^ve all these things without an appreci- 
able amount of noise due to magnetism or windage. Some of 
these characteristics may be favored at the expense of others as, 
for example, it is possible to get a high power factor at the 
expense of having a very Bmall clearance between stator and 
rotor, or it is possible to have a high efficiency at a cost of low 
8t.arting torque and high starting current. For this reason in 
selling motors the selling talk is often confined to those points 
which are high in that particular design and the corresponding 
points of disadvantage are dwelt upon lightly; but to get a true 
comparison of the relative merits of two competitive ratings or 
designs all these points must be considered and given their due 
weight in view of the service in which it is intended to use the 
motor. 

It is understood that all these characteristics are affected in 
various ways by the different features of the design, that is to 
Bay by the axial length of the iron core as compared to the rotor 
diamet:er, or by the number of slots, or the kind and thickness of 
the laminated stoci used and matters of this Idnd; but the thing 
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which has the greatest effect and which can most easily be modi- 
fied is the number of turns in the stator or primary winding. In 
figuring this detail, which is of prime importance, it is therefore 
wise to have at all times a mental picture of what happens to 
each characteristic when the cross-section of the conductors or 
the number of turns in the primary winding is changed. In 
order to summarize this quickly the various characteristics are 
listed in order and considered separately. The main consid- 
erations in the operation of any induction motor are — starting 
torque, starting current, air gap or clearance, power factor, eflfici- 
ency, heating, maximum torque, or pull out, noise, and mechani- 
cal vibration. 

If there were two motors which were exact duplicates in ma- 
terials and all mechanical dimensions, except that one motor had 
more turns in the winding than the other, when comparing the 
characteristics just named, the motor having the most turns 
would have a lower starting torque and a lower starting current. 
It would probably have a higher power factor. It might have a 
higher or a lower efEciency for the reason that the copper loss 
would be higher and the iron loss lower and whichever one pre- 
ponderated would determine whether the efficiency was higher 
or lower, in other words, whether the copper loss increased faster 
than the iron loss decreased and vice versa. Similarly the heat- 
ing would be more or less, depending on the sum of the losses. In 
general this motor would be a little more quiet and have less 
tendency toward mechanical vibration. 

On the other hand, considering the motor with the fewer num- 
ber of turns, it will have relatively, a higher starting torque and a 
higher starting current. It will probably have a lower power 
factor. It wiU have a higher or lower efficiency depending on the 
proportion of iron to copper loss, as explained in the preceding 
paragraph; similarly, the heating will vary with the amount of 
total losses. This motor would have a tendency to be noisier and 
have more mechanical vibration. 

It will be noted that these changes are the same as would occur 
if the voltage were raised or lowered on any motor. Increasing 
the number of turns in a winding has the same effect as lowering 
the voltage and decreasing the number of turns has the same 
effect as raising the voltage on the winding. This can be seen 
from Fig. 186 where three windings are shown across 100 volts in 
parallel. Winding number 1 has eight turns in series and there 
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83M Tolts app)i«] to it. From this it may he seen that periiaps 
the most flseential thing to deleiroinc in figuring a winding is tho 
proper number of turns in series in the staior »-inding which will 
be put &CTOSS iho line voltage. Another vitiU consideration is the 
crofiB section of the copper wire or conductor used is the winding, 
neceSBaiy to carr>- the amperes required to develop tJio desired 
horsepower. In order to get an idea of all the points which have 
to be considered in making the complete design of an induction 
motor a brief enumeration is here givt-n of the different 'Heius 
considered by the designing engineer with a brief statement of 
how and why each is taken in to account. 

1. Diameter and length of laminated iron core necessary to got 
the horsepower desired at the given speed and vollaKe. 

2. Magnetic flux or field requirtid to gt>nonite the hno voltage. 

3. Number of turns of wire in seriea in the staior winding 
which, when cut by tho rotating Geld, will goneruto the lino volt- 
age. 

4. CroBs-eeetion of otator conductor to carry Iho current re- 
quired to develop desired lioraepower at the power factor and 
efficiency that the demgn will probably give. 
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5. Number and size of stator slots, width and depth, to ac- 
commodate winding (3) and (4) when insulated for the required 
voltage. 

6. Magnetic densities in the stator teeth, core, rotor teeth, core 
and air gap due to magnetic field (2). 

7. Magnetizing or no load current required to set up the field 
mentioned in (2) with the number of turns in (3) with lengths 
of path required by (1) and (5). 

8. Iron loss due to densities (6). 

9. Iron loss due to primary slot openings. 

10. Number and size of slots in rotor. 

11. Is rotor winding squirrel cage or phase wound. 

12. Figure rotor volts and amps, if phase wound. 

13. Figure "Slip" or rotor copper loss. 

14. Figure stator copper loss. 

15. Estimate bearing friction and windage. 

16. Figure leakage reactance for stator and rotor slots and coil 
ends, also zigzag, and belt, or differential leakage. 

17. From (7) and (16) figure power factor. 

18. From (13) and (16) figure starting and maximum torque. 

19. From output and (8), (9), (13), (14) and (15) figure 
efficiency. 

Since the consideration for the moment assumes an old core 
which already exists, many of these things are already deter- 
mined and some can be assumed. The facts that require check- 
ing in determining a new winding for new conditions of speed or 
horsepower or voltage or phase or frequency, and which may be 
considered as fundamental are : 

1. Is the core large enough to wind for the horsepower and 
speed that is desired? 

2. Is there cross-section of iron enough below the slots to carry 
the magnetic field that is needed in the air gap to do the work 
desired? 

3. How many turns are required in the stator winding? 

• 4. What should be the cross-section or size of the wire or con- 
ductor used in the stator winding? 

5. What should be the cross-section of the bars in the rotor and 
what should be the cross-section of the resistance rings at the 
ends of the rotor bars, assuming a squirrel-cage rotor winding? 

6. Will the rotor diameter permit operating at the proposed 
r.p.m.? 
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Tbe following example is givon lo illuslTftto tlto infi (»( tliJH 
table. A stator core having a boro nf 17 ini'lifls hik) run ax»»l 
len^h of 6 incb@ was brought into a n>pair ifhop ouil a roqiic«t 
made to put ia a winding for 50 hp. at. lUwui 7<tO r.p.(u. on IKt 
cycles. To delermino whnlhcr it wwi phynlriilty pomiblo 
the fallowing calmilation was madti. Pole pitch in VfuAnt « 
Diameter X 3.14 _ 17 X 3.14 
Number of poles 



-- 13.'I. The niwi-Hl fI|£iiio to ihlnin 



188 CONNECTINQ INDUCTION MOTORS 

the table above ia 12 inches and opposite 12 iDchea under 4 poles 
is the figure .0000392. Then the horsepower that this core will 
develop at 730 r.p.m. is gives by the equation: 

A.p. = .0000392 X 17» X 6 X 730 = 49.6 

Hence the conclusion is reached that this core would wind 
satisfactorily for 50 hp. at 730 r.p.m. since the output coefficient 
for 13.4 inches would be a little greater than for 12 inches in 
the table which was used in the trial calculation. 

The second question as to whether there is sufficient cross 
section of iron in the core between the bottom of the slots and the 




Fio. 1S7. — Cross-aection of two-pole motor showing diBtributioD of mi^Qstio field. 

outside periphery can be determined by figuring the actual 
amount of magnetic flux per pole that must be set up to do the 
required work. This can be readily understood by a reference 
to Figs. 187 and 188, which illustrate the manner in which the 
magnetic flux is divided into as many groups or circuits as 
the motor has poles. In passing from the stator to the rotor 
through the teeth, then behind the rotor slots and back to the 
stator and again behind the stator slots to the starting point, it 
will be noted that there must be enough iron behind the slots 
to carry the flux or the motor will overheat. Referring again to 
Fig. 1S8 it is evident that the more poles the motor has, the less 
iron is required in the core behind the slots of both stator and 
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rotor. Thfircfoie, Uie cnmol wny to dctftmiitic tliis poiot is to 
6gate tJie aiooDot of laagDetic flux par pcile aoii figaru the cnies 
sectioti oT tUo oun Ijchiud Uiv «Iot8 and wo lliut tltore aro oot 
more than S0,000 to 100,000 magnetic lines per Bt)iiftre inch and 
if so, and otbBT Dnoditiniis arc praper, the core should hv satis- 
fadory for the assumed oouditwas of the winding. Here we are 
coafroQied with a pecuh'ar problem which often faces (fae do- 
mgaer, which is, th»t he must know part of his answer before he 




can solve the problem and find the rest of it. In other words 
the amount of magnetic flux in the core will depend on the num- 
ber of turns of wire in I he coiIb and the pi'oblein which he is 
trying to solve is how many tui'iis should be put in the coils. 
80 it is apparent that he must either guess the number of turns 
required and find out if the amount of magnetic flu.t is reasonable 
or dse lie must figure how muuh flu.\ can be carried in the core he 
is using and from that figure check back and see how many turns 
are required in the winding to givo this magnetic result. When 
the number of turns is settled and the croes-aection of the copper 



190 CONNECTING INDUCTION MOTORS 

is figured for tbe desired horse power and voltage, there is at 
once a question whether the slots will accommodate that many 
conductors of that cross-section after taking room enough to 
allow for the insulation required on the coil at that particular 
voltage. If the result is unfavorable and the copper so figured 
will not go in the slot at all, it means that the motor is not good 
for that much horsepower and the desired rating will have to be 
reduced. The number of turns cannot readily be reduced as 
that would mean more magnetic flux and the core back of the 
slots is already figured for 80,000 to 100,000 lines per square inch 
which is all it will stand. The reason why the number of con- 
ductors and the magnetic flux are tied in together in this way is 
because the conductors which are in series, when cut by the 
rotating magnetic field must generate or produce practically line 
voltage. This fact has been referred to many times in previous 
chapters. 
The formula for the field flux per pole or per magnetic circuit is 

_^5 000 fiOOjXVoUsper phase 

^ ^ "" Cycles X Conductors per phase X KiX K2 

where 

VoUs per phase = line volts in the case of a two-phase winding 

or a delta-connected three-phase winding 

J line volts . ^- ^ ^ ^ 1 

and = — =--« — in the case of a star-connected 

three-phase winding. 
Cycles = the frequency of the supply circuit as 

expressed in cycles, that is, 60 or 25 or 
whatever the circuit may be. 

Conductors per phase = number of wires per slot which are 
in series X number of slots -r- number of phases. 

Ki is a so-called " distribution factor" and is .905 for two-phase 
and .955 for three-phase. 

K2 is the so-called "chord factor" and depends on the pitch or 
throw of the coil. Its technical value is the sine of one-half 
of the electrical angle spanned by the coil. 

A practical method of getting this factor which is close enough 
for general purposes is to use the expression 

Chord factor = K2 = 

I Number of slots per poley'-2{Number of slots dropped)^ 



4 



(Number of slots per poley 
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or tAking ft concrete exAmpIci suppose there Ja a 72 slot motor 
woimd for six poles and having; a coil throw of 1 and S, vihai is 
tJic chord factor op A't, which is under UiBtiUssion? Since thtfjxs 
are 72 slots and six poles there are 12 stots per pole And full pitch 
would be Blote 1 and 13. Winding 1 and 8 drops 5 slote and 
thus our formula above becomes the square root of twelve squared 
minus two times &ve squared divided by twelve squared, or 
mathematically 
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144 -50 
144 



^^144 



.80 



To illusLrate how this flux fonnulu is applied, asaumcftcore 
having dimensions as shown in Fig. 1S9 which it is desired to 




Fia. 189. — Stator cora in froma. 
wind for 50 h.p., 25 cycles, 3 phase, 4 poles, 440 volts and 730 
r.p-m. full load speed. The outside diameter of the stator 
laminations = 25j^ in., the inside bore D of the stator laminations 
= 17 in. The axial length of the core L = 6% in. but it con- 
tains two ventilating ducts each $4 iii- wide so that the net iron 
core length = 6 Jn. The primary slots are 1.7 in. deep, so that 
the dimension C or the radial depth of the laminations below the 
slots = (25>^ — 17) -e- 2 — 1.7 = 2.55 in. and the actual cross- 
section of the core below slots through which all of the flux per 
NoTn. — Dq not figure tlin new winding troru the core denaity alone, but 
■thivlc tho density in the teeth alao, m cautioned on page 194, since the 
density In tbo tee^b is frequently tlie limiting factor. 
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pole must pass is equal to C X L or in this case 2.5S X 6 = 
15.3 square inches. A reference to Fig. 188 indicates that 
when the flux per pole passes from the rotor into the stator, it 
divides and half goes one way and lialf the other way. Hence 
in the present case the total available cross section of iron to 
carry the flux per pole is not 15.3 square inches, but twice that 
or 30.6 square inches. As stated above 80,000 lines per square 
inch is a permissible density, so that a total flux per pole of 30.6 
X 80,000 can be used or 2,448,000 lines. The only other factor 
missing from the flux per [>ole formula which is necessary to give 
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at once the total number of conductors per phase is the chord 
factor. This depends upon the slots in which the two sides of 
any coil are placed. In the core which is under consideration 
there are 48 slots and since a 4-pole winding is under calculation, 
the full pitch for the winding would be slots 1 and 13. Full 
pitch is too long mechanically and some space endwise can be 
saved and some copper as well by chording it a few slots, so for 
illustration it is assumed that the coils lie in slots 1 and 10. 
Using the approximate formula given for chord factor above, 
this factor becomes 



(12= - 2(3)' /: 
V ^12^ - " \" 



144 - 18 
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BxpreeBing t,he flux par polo formula b tcmifi of conduclorn 
pw piiaac, this exprtsMion foUowe: 

ConductoTR par phase - 

^__^_ 45,000.000 X foifff p er phiutr 

qfcles X Jlttx per pole X chord facior X ditt. fact. 

Remeinberiiig that the distribution factor for 3 phase efjimls 

.05.^ and substituting the values oalrulaled above, and OESuming 

a delta connected winding, 

Conductorn Jter phase = 

43,000.000 X 440 



- = a62 



25 X 2,448,000 X .93 X .8fi5 

Sinco there are 3 pliases, there wiU be required a tgtal nombor of 
oondnotora 3 X 362 = lOSR and since there are 48 slots there 
will be 1086 -;- 48 = 22.6 conductors per slot. What a designer 
would do in this ease would be to either wind 22 conductors per 
slot and throw the coil 1 and II instead of 1 and 10 or else wind 
it 24 per slot and throw the coil 1 and 9, either of which would 
be a good winding without much difference between the two. 

The reason for this ia that there are 2 coils per slot and fience 
wi(;h 22 wires per slot there would be 11 wires in each coil. Aa 
the wires are arranged in 2 or 3 layers, 11 would not be exactly 
divisible by either 2 or 3, hence, in the case of a two layer coil 
there would be one layer of 5 wires and one layer of 6 wires side 
by side, or in the case of a 3 layer coil there would be 2 layers of 
4 wires each and one layer of 3 wires, Either of these arrange- 
ments would be wasteful of space and hence it would be prefer- 
able to have 12 wires per coil which is evenly divisible by either 
2 or 3. If the coil is wound in slots 1 and 11 the chord factor is 
.97 and if it is wound in 1 and 9 the chord factor is .866. Hence, 
the real, effective number of wires in one case is 22 X .97 = 
21.3 and in the other case is 24 X .866 = 20.78 which would 
give very close to the same result so far as torques are concerned. 

In this calculation it was noted that the figure 440 was used 
for the voltage. This assumed a series delta connection. If, 
for example it had been desired to connect the winding in two 
parallel delta for the same voltage, there would have been re- 
quired twice aa many conductors per phase and each conductor 
would have had one half the cross section, since there would be 
two paths is parallel for the current instead of one ia series. 



194 CONNECTING INDUCTION MOTORS 

Similarly, if the winding was to have been connected in series 
star instead of series delta the voltage used in the equation would 
have been 440 -s- 1.73 = 254 instead of 440. Hence, in the re- 

OftO 

suit, the conductors required per phase would have been-y-^;, 

= 209 instead of 362. It is well to remember this fact: that 
with a star connection only about one half as many turns are 
required in series as with a delta connection. It sometimes 
makes an easier coil to wind and a coil which is mechanically 
stiffer and stronger, if less turns of a larger size wire can be used. 
This is one of the principal reasons why a star connection is 
used much more frequently than a delta connection. 

Having found the number of conductors per slot from the above 
equation there would seem to be nothing more to do but figure 
the required cross section of the conductor to carry the full load 
current, and the space required for insulation and see if the coil 
so figured and insulated would go into the slot. There is a check 
calculation that should be made first to see how hard the iron 
is working in the stator teeth. The calculation that was made 
concerned itself only with the density of the magnetic flux in 
the stator core behind the slots and was checked first to make 
sure the required field had room to get through the core. How- 
ever, before accepting this figure the teeth should be checked also 
to see how hard they are working. This is a simple check from 
the figures already employed. The diameter of the stator bore 
of the core under calculation is 17 in. The depth of the slots is 
1.7 in., therefore the diameter to the middle of the slot = 18.7 in. 

and the slot pitch at this point or the dimension P from Fig. 189a, 
1Q 7 v Q 14 

C = ^^^^-""^-^ = 1.22 in. The slot width W = .65 in. Hence 
48 

the tooth width P—TT = 1.22 — .65 = .57 in. and since the net 
core length L = 6 in., the cross section of one tooth at its mid- 
section = 6 X .57 = 3.42 square inches. There are 48 teeth 
total and 4 poles, hence there are 12 teeth per pole through 
which the magnetic flux of one pole may pass. Therefore, the 
total iron cross section of 12 teeth = 12 X 3.42= 41.04 square 
inches. It was calculated above that there were 2,448,000 
magnetic lines per pole and it would seem that all that was ne- 
cessary to check the tooth density would be to divide this figure 
by 41.04. This is not the case as in the core for the reason that 
all the teeth do not carry the flux equally but those in the center 



; = 2,480,000 lines. 
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of a pole at a given section carry a maximum and those half way 

between polea curry notlung so tliat in order to take care of the 

maximum, (he reauJt above isdivided hy .636. Heneein theprob- 

t ■ k J .1 - J -*, - .k . .1. - 2.448,000 

lom ID hand the ma:uniuni denBity in the teeth m i-r-?i,r ^, .,--,a = 
■^ 41.04 X .two 

04,000 lines per square inch. As a matter of fact it ia actually 
about 96,000 lines aiiiee (he 2,41S,000 was figured wi(h 362 con- 
ductors per phaso and a tlirow of one and (en, whereas there iirc! 
now 24 X 48 -i- 3 = 381 conductors per phaae, but the throw is 
only unu and nine and aubutituting back in the origiatil flux 
equation, 
Flux per pole = 

45,000,000X440 _ 
25 X 384 X .955 X .860 " 

This value namely, 96,000 for density in the teeth ia perfectly 
permissible. It should not be allowed to exceed, say, 130,000 for 
25 cycle machines, nor about 110,000 for 60 cycle machines. 

Figuring the cross sectioa of the stator conductor.— Hsiving 
determined the number of conductors required in the slot, tliat 
is 24, the next step is to figure the necessary size of the con- 
ductor or cross section and see if the coils will go in the slot after 
being properly insulated. In order to figure this it is necessary 
to know what the full load current of the motor will be. The 
formula for finding the full load current of a two phase motor is, 
Full load current per lead = 

H oTsepawe r X 74fi _^_ 

2 X volts per phase X efficiency X power factor 

Where the efficiency and the power factor are the full load 
values and are expressed in hundredths, that ia with a decimal 
point in front of each. For example 90 per cent, is wiitten .90 
and 85 per cent, power factor ia written. 85, etc. For a three 
phase motor the formula changes lo. 
Full load current per lead = 

Horsepower X 746 _^ 

1.73 X voUs per pAa.se X efficiency X power factor 
which it will be noted is similar to the two phase formula except 
1.73 ia used in the denominator instead of 2. One thing must 
be specially noted about the three pha-se and that is that the full 
load current so found is the current in (he outside motor lead or 
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the current drawn from the line. If the motor is star connected 
inside this same current flows in the motor winding itself and hence 
in the conductors in the slots, unless the winding is in 2 or more 
parallels in which case of course, the lead or line current splits 
up into as many parts as there are parallel paths. On the other 
hand if the windings inside the motor are delta connected as they 
are in the case we are considering, the current in the windings 
will be less than the current coming in the lead as figured above 
and it is necessary to divide by 1.73 a second time to find out 
what the current is, which must actually be provided for in the 
coils themselves. 

Preparing to apply the above formula, at once the problem 
arises. What is the full load efficiency and the full load power 
factor of the motor for which this winding is being figured? 
Of course there is a wide variation in these figures between small 
and large motors, and between high and low speeds, and between 
25 and 60 cycles and these variations are shown as well as may 
be in the Standard Hand Book referred to in the foregoing and 
other text books. For the purpose here, which as has been stated, 
is somewhat rough and ready, an approximation must be assumed. 
The handiest approximation the author has ever used and one 
that has given good results is to assume that a three phase, 550 
volt motor, draws from the line in each lead just about one am- 
pere per horsepower. This is very closely true in most lines of 
commercial motors over a wide range of sizes and speeds. Then 
if the motor in question is not 3 phase or if it is not 550 volts 
the current can readily be changed to other voltages. For ex- 
ample assume a 40 hp. motor. Then at 550 volts 3 phase it 

follows that its full load current per lead is 40 amperes, at 440 

550 
volts its full load current would be ^^ X 40 = 50 amperes and 

550 
at 220 volts it would be ooa X 40 = 100 amperes and at 110 volts 

550 
it would be I -^ X 40 = 200 amperes and so on. Similarly to 

1.73 
convert to two phase multipy these values byo^Q= .86 because 

the current of any two phase motor is always that much less than 
the corresponding three phase. 

Referring again to the formula above for the full load current 
of a 3 phase motor, to give one ampere per horsepower at 550 
volts would mean that the product of the efficiency and power 
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factor would he -785. This might be asmimcd to be 89 per cent, 
tffipioncy and 88 per cent, power factor or any other combination 
whose product, gave -785. At all cvetkts this is an «v«ragovaIuc 
and aufficiont]y near correct for the present purpose. 

ijinoe ttic present calculation assumes a 50 hp. 3 phase 
440 volt rating it may be assumed that the full load turrent per 
lead is ^.j = 62.S amperes. Since the winding is bo he 
delta connected the currait in the coila themselves vsH] be 
T-sg = 36.1 ampores. There is no fixed rule that can be followed 
for the cross sectiun of copper required in the coil per ampei^- 
It may bo as low as 400 circular rails in some cases and rnay liave 
to be &s high as 1 ,000 circular mils in others. Blow speed motors 
and higher voltages (where there is more insulation to pass the 
heat through} require larger copper than do higher speeds and 
lower voltages. In the present case and in most average cases 
a figure of 750 circular mils can be used. For the present case 
then the circular mils required would be 36.1 X 750 = 27,07r. 
circular mils. Looking in a Brown and Sharpe wire table the 
nearest size to this is No. 6 round wire which shows 26,250 cireulai' 
mils. This is near enough and it is selected. The problem now 
is, will 24 No. 6 wires go in a slot .65 in. wide by 1.70 in. deep 
and allow for the retaining wedge at the top and the proper insu- 
lation for 440 volts? Toanswer this it is necessary to know some- 
thing about insulation requirements. As there are commonly 
only two voltage classes met with, it can be stated that voltages 
up to and including 550 volte will require a space in the width of 
the slot of about .1 of an inch and in the depth of the slot of about 
.15 inches and voltages above 550 up to and including 2,200 will 
require about .16 inches in width and .26 inches in depth. These 
figures in depth do not include any retaining wedges or so called 
" top sticks, " but must be allowed inaddilion to the wires between 
the bottom of the wedge, and the bottom of the slot. In the 
cfl.se just being figured the wires will evidently go in belter 3 X8 
than any other way. The diameter of No.6 round wire over double 
cotton covering is .178 inches. Three wires in width would be 
3 X -178 = .534 in. adding .1 in. for insulation gives .534 + .1 = 
.OS-l which goes very well in the width of the slot which is .65 in. 
In depth 8 wires would require 8 X .178 inches = 1.424. The 
allowance for insulation is .150 in. and the usual coil retaining 
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wedge requires .125 in. so that the total required depth will be 
1.424 + .150 + .125 = 1.699 in. which just exactly fills the avail- 
able depth. It should be under stood that the 24 wires are not 
3 X 8 in one coil but 3 X 4 in each coil and two coils in the slot 
accord ng to the usual practice. If the wires had not fitted in 
the slot as shown it would have been necessary to choose a wire 
small enough to go in the space and then by trial after the winding 
was complete find out how many horsepower the winding would 
carry without over heating. If it were not possible to get 50 
horsepower it would probably develop 45 hp. without trouble 
if the output coeflScient checked to 50 as shown in the beginning 
of this chapter. 

With regard to the rotor winding if it is of the wound rotor 
type the number of wires per slot can be made any number 
that is convenient, provided the total weight of copper in the rotor 
winding is made approximately 80 per cent, to 85 per cent, of 
that in the complete stator winding. 

Voltage Between Collector Rings. — In the case of a wound 
rotor motor it is often useful to know the voltage at stand still 
between the rotor collector rings in order to determine how much 
resistance should be used in the starting or speed regulating 
controller. This may be determined very closely from the 
formula : 

Volts between collector rings = r^ wirr ^y v- 

A 1 X kK 1 X A 3 

Where Ei = line voltage applied to the stator 

Wi = number of conductors in series per phase in the 

stator 
W2 = number of conductors in scries per phase in the 

rotor 
iiT 1 = 1 if stator winding is two phase or three phase delta 
Ki = 1.73 if stator winding is three phase star 
2iL2 = 1 if rotor is connected delta 
K2 = 1.73 if rotor is connected star 
Ki = chord factor of the stator coils as explained in 

Chapter IV 

The number of conductors in series per phase in either stator 
or rotor is equal to the total number of slots multiplied by the 
number of wires in each slot, divided by the number of phases 
and divided by the number of parallels in which the winding 
diagram shows the winding to be connected. 
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For ftxamplo, what is iUc volume bt^twccn collector riDiiJi on 
a wounii rotor motor with the following data? The line voItaRc 
is 220. There are 72 slots in the siator and 10 wiros per slot- 
TliC! stator winding is three phase, two parallel star, 6 pole aad 
thn coil throw ifi Blots 1 and 9. There are 54 slots iu the rolor, 
two conductors per slot and the rotor winding 13 connected 
series star. 

Setting down the data for Use in the formula given above 

rK2~ ^ "'"■ " ' — 3 ^^' *' = 

1.7.t, Kz = 1,73, K, = primary chord factor = Bine of 00 deg. = 
.866, because ">% = 12 slots = ISO deg. and one slot = 15 deg. 
Hence, a throw of 1 and 9 spans 8 slots or 8 X 15 = 120 deg. 
and the chord factor = the sine of one-half the angle spanned 
by the coil = }i X 120 deg. = GO deg. = .866. Therefore, voUa _ 
betwe^en collector rings. = 

El XWiXKj _ 220 X36 X 1-73 
A', X Wi X Ki ~ 1.73 X 120 X .866 

If phase wound the coils must, of course, be connected for the 
same number of poles as the stator. If there should be an old 
winding on the rotor for a different number of poles it may be 
possible to reconnect it for the number desired, but as rotor wind- 
ings are nearly always of the "wave" tj-pe or something of the 
Bame order it is usually impossible to reconnect for any other 
number of poles. 

If the rotor winding is squirrel cage the number of bars and 
their cross section is probably fixed. The cross sectiou of the 
end rings if of rolled or drawn copper should be so chosen that 
the weight of bars plus rings is about 75 per cent, to 80 per cent. 
of the total weight, of the stator coils. If the rings are cast copper 
or cast brass it should be remembered that a l-irger cross section 
will be required since the conductivity of the best cast copper 
ia only 80 per cent, to 85 per cent, of the conductivity of roiled 
copper and cist brass ia as low as 18 per cent, to 25 per cent, of 
the conductivity of drawn or rolled copper. This would mean 
that a ring of oast brass would have lo be 4 to 5 times the cross 
section of the con'esponding rolled copper ring to carry the same 
current. It should also be remembered that a two pole motor 
would have proportionately the heaviest ring on the squirrel 
cage, a four pole next, then a six and so on, and that when 10 poles 
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or 12 poles are reached the ring would probably be no larger in 
cross section than would be required for mechanical strength and 
construction. 

Such in its briefest form is the simplest calculation that can be 
made which it is safe to make in the hope of getting the desired 
result. It will be noted that no attention has been paid to cal- 
culating the leakage reactance, nor the no load current, nor the 
starting and maximum torques, nor the circle diagram nor any 
of the refinements which the designing engineer commonly 
employs; and yet if care is used in employing the checks that are 
made the experimenter should be rewarded with reasonable 
results. 

To sum up, the available core is first checked by the output 
coefficient to see if it will develop the horsepower at the desired 
speed. Next a check is made to see how much magnetic field 
can be handled in the core and teeth. Then the proper number 
of conductors is chosen to generate the line voltage when acted 
upon by the permissible magnetic field. These conductors are 
then made of the proper size to carry the working current and 
insulated for the working voltage and fitted in the slots. This is 
all that is attempted and it is assumed that if these conditions 
are met, all the other conditions of operation will fall reasonably 
in line or can be adjusted after trial without too much change to 
meet the desired requirements. 

Naturally, such broad assumptions may not result in a design 
of finished nicety, but they may sometimes give quick results 
where results must be had quickly or not at all. 



CHAPTER XIII 
STANDARD GROUP DUGRAMS FROM 2 TO 14 POLES 

The form of cliaKriini wliiuh ia most often used in conDocting 
induction motor windings ia the eoiialled "group" diaRram so 
often illuslriitcd in the foregoing chapters where the coile arc 
"stubbed" or grouped into pole-phase groups and then cross 
connected to form luagnotic pol<3». This form of diagratn is 
practically universally used for stators with open slots and be- 
cause it ia so often employed, it is considered desirable to give 
in t.his chapter a »erieE of diagrams covering all possible combina- 
tions both two and three phase, star and delta, from two to 
fourteen poles. 

To attempt to show "developed" windings, that is a picture 
of the actual coils rolled out fiat for all possible numbers of poles, 
phases, slots, coils per slot, etc. would require several hundred 
diagrams even for full pitch windings and with the slots always 
aa integral multiple of the phases times the poles, nnd if to thisij! 
added the possibilities of chording and using a total numberof 
slots not an even multiple of the phases time the poles, the num- 
ber of pictures required to show all the connections would run 
into thousands. However, by the relatively simple scheme of 
considering the group of coils which forms one pole-phase group 
as a unit, the possible number of combinations becomes greatly 
limited, and as shown by the following diagrams all the combina- 
tions from two to fourteen poles can be shown by means of 
diagrams shown in Figs. 190 to 270 inclusive. 

From the nature of the diagrams here given it will be seen that 
they are not dependent on the total number of slots in the ma- 
chine, nor upon the number of coils per group, nor upon the throw 
or pitch of the coils, but are general for all machines of the same 
Dumber of phases and ixilea. Each one of the small arcs in the 
circle represents the ends of the coils in a single pole-phase group 
in the winding. lu order to illustrate this, photographs have 
301 
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been tiikea of a macliino in Ihrco 8tago». In Fig. 271 a machine 
\s Hhovrn in which the coiU have aimply been placed in the elota 
by the nioder and no cunnoctiona have been mudc. The wires 
which are the beginnings and endinRs of the coils are sticking 



FiQ. 371, — Coils wound but 
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out at random. In Fig. 272 the coils have been connected into 
several distinct groups, and the remaining wires, which protrude 
radially toward and away from the center of the machine, form 
tJie beginning and the end of each pole-phase group. The opera- 
tion which ha3 been performed between Fig. 271 and Fig. 272 
can be described in this way: — Suppose, for example, that there 
are 96 total coils in the winding and that it is to be connected 
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for three phases uod four poloa. There will than be S X 4 = 12 
pole phase gTOU[>s, and 96 ~- 12 = 8 coik in each group. Btart- 
iag at uay arbitmrj' putQl, Uie nisder coiini>cta Lho finit eight 
coils io series by ootuiecting ihe end uf <!oU 1 In the begimiiog of 
coil 2, And the end of ooil 2 to the beginoins: of cotl 3, etc., uatil 
eight cotla are in series. The beginnitig of coil I ia then beot 
outward &nd left lonj; and the end of coil 8 is bi^ut iawnrd and 
left long. Between these two are seven short "stubs" or coil- 
l-o-coil i>>oii&e«ttous, which uro shown taped upiu T'lti. 272. Tlie 
witKler then proceeds to connect coils lo 16 in series ia the 
same manner to form pole-phase group No, 2, and so on Around 
the machine until he has completed 12 pole phase groups and 
used all the coils, and the winding looks as shown in Fig. 272. 

In case the winding has certain coila provided with heavier 
insulation on the end turns to take the strain of the full voltage 
of the machine where different phases are adjacent, the operation 
is slightly different. Then, thu number of coils per pole phase 
group must be checked before the windings arc inserted in the 
slots, and specially insulated phase coiLs placed on both ends of 
each group. In this case the location of the pole phase groups 
is definitely determined by the winder before he starts connect- 
ing the coils together. 

The next step is to mark the pole phase groups A-B-C-A'B-C, 
etc, around the machine and then to connect all the groups to- 
gether in the proper manner to form a three-phase winding by 
means of a diagram of the same form as those shown in this 
chapter. The completed winding will then appear as shown 
in Fig. 273. 

While it is intended to reproduce here only the standard dia- 
grams over a wide range of speeds, it is useful to review 
the general theory of their construction and the simple methods 
by which any winding may be checked for phase polarity. 
This is shown in Figs. 274 to 277, inclusive. In Fig. 274 a wind- 
ing chosen at random is shown "stubbed" into pole-pha.se groups 
for a two-phase connection, and in Fig. 276 stubbed for a three- 
phase connection. To determine the proper connections for the 
]»ole-phase groups in a two-phase winding, the rule is to mark on 
the groups arrows alternating in direction in pairs, i.e., on two 
Buccessive groups the arrows are clockwise and on the two im- 
mediately adjacent the arrows are counter-clockwise. Such 
arrows, for example, are shown in Fig. 274 just above the wind- 
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ings. If now one end of any group in a phase is chosen as a lead 
and all the groups are followed through and connected as indi- 
cated by the arrows, the connection will be correct. Such a 
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Fig. 274. — Checking a two-phase connection. 
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Fig. 275.— Similar to Fig. 274, but "B" phase reversed. 




Fig. 276. — Checking a three-phase connection. 

)• * <. • AA .' ' if 




Fig. 277. — Similar to Fig. 276, but leads taken off different groups. 

connection is shown in Fig. 274. However; suppose the arrows 
had alternated in pairs, but started with a different group, as 
shown just above the windings in Fig. 275. The result is shown 
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iit Fig- 275, which is juBt ae correct rs Pijt. 274, except that the 
motor would run with the opposite direction of rotation. Since 
the rotaUon can be changed by reversing the two loads of either 
phase outside of (ho motor, it is c^dont that the rule usinK the 
arrows altcruating in pairs is correct in all cascs. It should also 
be noted that it makes no difference from what group the. lead 
ifl taken, provided all the groups are followed through with the 
arrows. 

In the three-phase machine it is even aimpicr. The rule in 
(Jiat case is to put arrows on the groups alternating in direction 
from group to group, as shown in Fig. 276. Any group may then 
be chosen as a "lead" group or a ''slar" group so long as tlu: 
arrowa are followed in passing 
from the lead to the star in each 
phase. Figure 276 shows one ar- ** h\ 

' rangement and Fig. 277 another 
equally correct, and there might 
bo an indefinite number more, 
simply by choosing the lead from 
another group and following the 
arrows through to the star h 
phase. Although shown for a de- 
veloped four-pole winding only, 
these diagrams may be considered 
as strictly general, as additional groups may bo added to make 
six, eight, or any other number of poles, and the current 
passed through them in any order, so long as the phases are kept 
in the correct rotation, and the current in the right direction, as 
indicated by the arrows. 

In case a delta connection is wanted instead of a star, check 
the connections through as for a star and then connect the A star 
to the B load, the fi star to the C lead, and the C star to the A 
lead, as shown in Fig. 278; or connect the A lead to (he B neutral, 
the B lead to the C neutral, and the C lead to the A neutral. The 
three new leads will be taken from the comers of the della so 
formed. 



CHAPTEn XIV 
WAVE DIAGRAMS 

With the exception of one or two diagramB briefly mentioned in 
Chapter III practioully all the diagrams discussed in the book 
and thoseshowninCbapt^rXIIIareof the type usually employed 
for the stator winding. These coidd be used for the rotor also 
ao far as any electrical considerations are concerned. It will be 
noticed, however, when the cross connections are considered 
that they are not arranged with mechanical symmetry 
around the machine and, hence, if a diagram of this type were 
used on the rotor there would be a tendency toward mechanical 
unbalance which would set up mechanical vibration when the 
rotor was running at full speed. In addition to this objection, 
cross connections of this type are difficult to arrange and secure 
in place on the rotor on account of their irregular shape and the 
considerable space which they occupy. For this reason, so- 
called "wave" diagrams, as shown in Pigs. 279 to 289 in- 
clusive, are ordinarily employed on the rotor. They are of tho 
old, well known D. C. armature type sometimes called " pro- 
gressive" or "retrogressive" windings. On examination they 
will be found to be very regular mechanically and distributed with 
practically perfect symmetry around the machine. They have 
also the advantage of requiring a minimum of cross connections— 
these being reduced to the three leads to the collector rings, one 
jumper joining the two halves of each phase winding and in case 
of a star connection the additional "star ring" with 3 tape, one 
to each phase. 

The rotor winding is practically always three phase and may be 
connected either star or delta depending on the voltage which is 
desired between the collector rings. A star connection would 
give 1.73 times the voltage between rings that woidd exist with a 
delta connection. This woultl mean a smaller current with 
consequently smaller rings and brushes but woidd, in turn, 
require insulation for the higher voltage throughout the wind- 
ing and between collector rings. 

320 
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^IiasD winding is praDtJcally never umd on the rotor 
us it woulii rctiuirefoiircolU'i!lorrmi58 aiul an lidded set of bruBbes, 
When tJie rotating ma^etic fit^ld is set up by the primary winding 
it is prautically the same whetbor created by two pliase or three 
pha^e curffint and is the same as if it were set up by D. C as 
doscribcd iii Chapter II. Hence, when the field is set up it cau 
act on a tJiree phase rotor as wrII aa a two phase and advantage 
is tii.ken of this fact to reduce tlie required number of collector 
rings and brush holders to a minim nm. 

In checking over these w«ve diagrams it will be noticed that 
the nmnber of slots is alwaj's a multiple of the number of phases 
times the nundier of pole* and hence ait <!Ven figure whereas a 
true " progroHsivo '' or "retrogressive" winding as ordinarily 
used on direct current for a two coil per slot winding must eatie/y 
the expression 



Pairs of poles 

in order that the conductor after passing around the machine 
may fall into the slot adjacent to the one in which it started. In 
the diagrams, Figs. 279 to 289, this is avoided mechanically 
in the following way: Since the total number of slots is a multi- 
ple of the number of polca and since the throw of the coil on a 
rol.or is exactly pitch the natural result would be that after once 
passing around the rotor the conductor would fall again into 
slot No. 1 in which it started. For examplea8sumea72Blot rotor 
wound for 8 poles. Startingin the bottom of slot No. 1 the conduc- 
tor passes successively through the top of slot 10, bottom of 19, 
top of 28, bottom of 37, top of AVy, bi>tt.om of Mj top of 63 and 
would again fall into the bottom of slot No. 1, However, the 
winder at this point bends the coil to one slot shorter throw and 
arbitrarily places it in the Iwttom of slot 72 and again around the 
rotor when he throws it in slot 71 and winds a third time around 
the rotor and stops when he comes out of the top of slot No. 61. 
He then leaves the two ends of this section of winding, viz., 
bottom of slot No. 1 and top of slot No. 61. This completesone 
sixth of the winding and he proceeds to complete the other five 
sixths in the same manner. At the finish there are left six com- 
plete sections and twelve loose ends or leads. The winder then 
takes the lead from the top of slot No. 61 described above and 
looks for the section of the winding which ties in the tops of slots 
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I-72-<71, etc. Having located this section which may b« called 
Boction No. 4, the end of section No. I is oouncctcd to the and of 
No. 4 80 that, tho comp)(>ted phase will have passed three tiinex 
around the armature clockwise and three tinice couiiter-dock- 
wise. This is very similar to the case explained by Figs. 4!i, 
46, and 47 in Chapter III. A httle study of the diaicranis, Fig- 
ures 279 and 289, will show how this is done. After the three 
separate phases are complete they are connected in star or delta 
and the leads brought out as shown in the diagrams. 
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AiTfKp, tSvet DA jmtiamumoc, 183, I 



BkUnoe twt. ICft, 179 

Bbt and eml ttonneotut trindtngB, 1*2 
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Cfaanging vulta. [ibuc, poIc«, ejrdftf, r.pjB^ b.p., 134 

examplea of, I4A, 14% 151 
Choid factor, X, 57, IIS. 119 
Chording a winding, aiiTantaee of, 53 

effect of, 55, €0. 141 
Coil throw, HI, ie£ al», "Chording." 
Coils fWfcTBed, 173 
Compass UBt. 169. 171 
Cnncuitric cot! wtndicgB, 37 
Conductor, cross section required, 13Ji, 1&5 
OraductorB per phaec, tomi<ilB for, 193 
C-onscqueat pole windings, 39, 44, 125 ' 

Core iron, cross eection required, 13S, ]»8. 180, 191. 193 
Cmint, wrong number of coila in group, 173, \7\ 
Couuter electra-motjve force, 2, 10, 51, 107, 118, UO 
Current per lead, formula {ot, 195, 196 

quick approKimatioD, 106 



Defects, tea most common in windings, IfiS 

: order of locating, ISO, 181 

pclta connections, 11, SO, 219 

Desifun, points considered in making, ISS, ISA 

Diagrams, see special index for, 249 

delta, 50, 219 

how to draw (or any winding, 48, 217, 218 

BCieraatii! equix'ulcnt, 43 

staudnnl "Broup," Cbapter XIII 

typicnl "wave," Chapter XIV 

wave, bow drawn, 221 
Diamond ooil wludiUKB, 39 
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£ 

EflSciency, 183, 184 

F 

Faults, locating, 153, 180. 181 

ten most common, 158, 150, UK) 
Ferraris, 6 

Figuring a new winding, 182 
Flux per pole, 190 
Frequency, of an alternating current, 9 

how it affects the winding, 105 

how it affects r.p.m., 105 
Functions of windings, d.c. motor, 1 

a.c. induction motor, 4 

a.c. synchronous motor, 3 



G 



Grounded windings, 160 

locating grounds, 165, 166 
Group reversed, 173, 174 



H 



Hand wound coils, 25 

Horse power, relation to torque and r.p.m., 107, 135 



Insulation, phase, 61, 97, 122 

A. I. E. E. formula for resistance, 80 
checking for voltage, 77 
space required in slot, 197 
tests, 79 



Lap windings, 40 
Locating faults, 153 



M 



Magnetic field, affected by chording, 64 

Magnetic field, or flux per pole, 190 

Magnetic noise, how separated from windage noise, 153 

Maximum torque, 183, 184 

Mechanical troubles, caused by windings, 153, 154, 155 



Open circuits, 165, 178, 179 
Output coefficient, 187 
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Pvrtonaaaoe. bow aBe«l«d by wtimUtic, 183, l&t 
I'cnpbHnl ipe^d, nf Tatar, I2Q 

a^c rtkUw for, 106 
PkiiMt iui<l volt(«» Ubfe. »Ul 145 
Pkiise bauUtioo, GI, 07, 122, 217 
PItase KVMwd, I7:{, i?a 
PhnBes. lufw tlie oumlief Affm-ta the wiiidiDga, 57 

eliftiigiD£ pluse ajxl roltagn. !>7 
lV>ti« aui r.p.m^ 113 
Poltai, duuigisg amaina of, 113 

chuagiDg oBectt phonl fnnUir, fiC 
Poliis. Imiw Dumfier nlTci-ls vroet eectjoii of iron cora, 133 

Bumuiction for wfimik nuoibnr of, liu, I7& 
pQirer fuUir, 183, IS4 
"Pull out." »f' "Mmimum lorque." 
"PusLeii lUruugh" vrinilitie?. Zl 



Recmmecting old windings, 134, 133, IIIT 

exampkaol, 140, 149. 151 
Reversal of part of wiudiog. lt)2, 173. I'l 
Reversinf; rotation, by reversing lends, II, 30 
Rotating magnetic 6eld, 5 

d.c. analogue, 7 

graptiicftl representation, 16 

flet up by a-c, 6, 14 

eine wave shape, 13 

"stair step" pictures of, 11 
Rotor winding, why throe pljuse, 11, 320 
R.P.M., relation to hurse power anil torque, 107, 135 

and poles, 9, 100, 1 13 

cotmected for wroug. 160 



Schematic equivalent diagram, 43 

St-iitt connection or "Tee," 91 

Spcoadary voltage, 102 

Secondary voltage, how to figure. 193, 199 

Shorted windings, 101, 167, IW* 

"Shp," definition of, 113 

Slots, num'ieraf, 123 

"Split group," conDOctioDT 130, 132 

8tar connected winding, cliaugiiii; to delta, 219 

Starting current nnd ilnrttRg torque, 183, 184 

Starting squirrel cage motor, 112 

"Stubbing" and uunuoutiug, 21C 
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"Tee" connection, 91, 133 

Tesla, 6 

Testing, volts and watts, 156, 167 

balance test, 169, 172 

= compass test, 169, 171 
Torque, how produced, 5 

relation to h.p. and r.p.m., 107, 135 
Two speed windings, 125 

U 

Unsym metrical conncM-tions, 123 



Vibration, mechanical, 154 

Voltage, per turn in a winding, 81 

all kinds of changes reduced to voltage changes, 142 

and phase, table for different connections, 99, 145 

between collector rings, how to figure, 198, 199 

table of, 86 

two- and three-phase compared, 85 

wrong connection, 175 

W 

Windage noise, 153 
Windings, types of, 22 

bar and end connector, 22 

"diamond" coils, 29 

fed in coils, 25 

for open slots, 29 

hand wound, 25 

partly closed slots, 22 
Windings, wave, 31, 40 

chord ed, 51 

concentric coil, 37 

consequent pole, 39, 44, 125 

effect of voltage on, 77 

figuring a new winding, 182 

generator action of, 140, see also Counter e.m.f. 

grounded, 160 

lap, 40 

points considered in figuring, 185, 186 

possibility of reconnecting, 77 

reconnecting for new conditions, 134 

reversal of part, 162, 173 

shorted, 161 
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Stamuasu Uitour DtAmiitwn 

Vu-pol», Iwo-pbaso. series, Figure 190, pnge 202. 
'rwi-palo, twcKpluuK, piirnllel, I-'igure 101, page 202. 
Tico-polo, thrw-phMo, scrica Mat, Figure lfl2, pa^ 202. 
Tfvii'jiolt!, thruvpliiuui, parallel star, Figure 193, page '202. 
Tmj-polti, thrw-phnse, aeriea delto, Finuro 194, page 2IXi. 
Twi>-]iob, thiVD-plwAeT piirnllel dolta, FigWD lOS, pii^e 203. 
ruur-pole, twa-pha«e, aeriej, Figufs 106, puge 203. 
Fnur-pnic, tvKH>kaee, two parallel. Figure 197, pnjio 203- 
Four-pvle, lwu<phae«, four poTidlel, Figuro 16S, page 303. 
Fanr-pulc, threo-phase, series stur, Figure 19U, page 204. 
Foiir-pule, thrue-pliase, two parallel star, Kgure 200, page 304. 
Fouf-pole, ihree-phftae, four parallel star. Figure 201. pa^e 204- 
I''aur-pole, three-phase, series delta, Figure 202, pni^ 204. 
Four-pole, three-phase, two parallel delta. Figure 203, page i!04. 
Four-pole, three-phaae, four parallel delta, Figure 201, page 201. 
Si.\-pole, two-phase, aeries, Figure 20^, page 205. 
Six-pole, two-phase, two parallel, Figure 20(1, page 205. 
Six-pole, twQ-phaae, three parallel, Figure 207, pajse 20ii. 
Six-pole, two-phase, six parallel. Figure 208, page 205. 
Six-pQle. three-phase, aeries star, Figure 209, page 205. 



Six-pole, three-pbaa 
Six-pole, three-phas 
Sjx-pole, thre^phaae, ; 
8!x-poIe, three-phas 
six-pole, three-phas 
Six-pole, three^phaa 
Six-pole, three-phas 
Eight-pole, two-phaa 
Einht-polo, two-phaa 
Eight-polo, two-phae 



2, two parallel star, Figure 210, page 20S. 
;, three parallel star, Figure 211, page 206, 

X parallel star, Fig\ire 212, pHge 20tJ. 
i, series delta, Figure 213, page 200. 

3, two parallel delta. Figure 214, page 20C. 
), three parallel delta. Figure 215. page 200. 
}, SL\ parallel deltn, Figure 216, pagn 200. 

!, series, Figure 217, page 207. 

;, two parallel, Figure 218, page 207. 
ae, four purnJlel, Figure 210, page 207. 
l^ighl^pole, two-pl\ftse, eight parallel, Figure 220, page 207. 
ESght-pole, three-pbase, series star, Figure 221, page 207. 
Eight-pole, three-phase, two parallel star. Figure 222, page 207. 
Eight-pole, three-phase, four parallel star, Figure 223, page 208. 
Eight-pole, tliree-phase, eight piirallel atar. Figure 224, page 208. 
Kight-pole, three-phase, series delta. Figure 225, ps^e 2flH. 
Eight-pole, throe-phase, two parallel delta, Figure 22tl, page 208. 
Eight-pole, three-phase, four-parallel delta. Figure 227, page 20S, 
Eight-pole, throe-phaao, eight parallel delta, Figure 228, page 208, 
Teti-pole, two-phoae. Eeriea, Figure 229, page ,209. 
'I'eii-pole, two-phase, two parallel, Figure 230, page 200. 
240 
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Ten-pole, two-phaee. five parallel, Figun 231, pag" ^09. 
Teo-polp, two-phase, tea parallel, Figure itSI, page '.'00. 
Ten-pole, tbree-phnse, Beriee Btftr, I'igiiru 233, pogo 209. 
Ten-pole, three-pha^e, tiro parallel atnr, Pigiiro 234, piigfs 200. 
1'en-pole, tlirce-phiise, five pariillel star, Figure 2itS, puge 2)0. 
Ten-pole, thn«~phase, ten ptirollel iitur, flguro 233, page 210. 
Ten-pole, three-phase, series delta, Figure 237, page 210. 
Ten-pole, three-phase, two parallel delta. Figure 238, page 210. 
Ten-pole, three-phase, five parallel delta, Figure 239, page 210. 
Ten-pole, three-phase, ten parallel delta, Fignre 240, page 210. 
Twelve-pole, two-phaJie, series, Figure 241, page 211. 
Twelve-pole, two-phaae, two parallel, Figure 242, page 211. 
Twelve-pole, two-phase, three parallel, Figure 243, page 211. 
Twelve-pole, two-phaac, four parallel, Figure 244, page 211. 
'IVelve-pole, two-phase, sis parallel, Figure 24fi, page 211. 
Twelve-pole, two-phase, twelve parallel, Figure 24G, page 311. 
Twolve-pole, three-phase, eeriea star. Figure 247, page 212. 
Twelve-pole, three-phaae, two parallel atar, Figure 248, pa^c 212. 
Twelve-pole, three-phase, three parallel star. Figure 249, page 212. 
TVelve-pole, three-phase, four parallel star, Figure 250, page 212. 
Twelve-pole, three-phase, aix parallel star, Figure 251, page 212. 
Twelve-pole, three-phaEe, twelve parallel star, Kgure 262, page 212. 
Twelve-pole, three-phaae, Beries delta. Figure 253, page 213. 
Twelve-pole, three-phase, two parallel delta. Figure 264, page 213. 
Twelve-pole, three-phase, three pivrallel delta. Figure 255, page 21U, 
Twelve-pole, three-phaae, four parallel delta, Figure 266, page 213. 
Twelve-pole, three-phase, six parallel delta, Figure 257, page 213. 
Twelve-pole, three-phsso, twelve parallel delta. Figure 258, page 213. 
Pourteen-pole, two-phaae, series, Figure 259, page 214. 
Fourtecn-pole, two-phase, two parallel, Figure 260, page 214. 
Fourteen -pole, two-phaae, seven parallel. Figure 281, page 214. 
Fourteen-pole, two-phase, fourteen parallel, Figure 262, page 214. 
Fourteen-pole, three-phaae, seriea star, Figure 263, page 214. 
Fourteen-pole, three-phase, two parallel etar. Figure 264, page 214. 
Fourteen-pole, three-phaae, seven parallel star, Figure 265, page 215. 
Fourteen-pole, three-phase, fourteen parallel star, Figure 2fl6, page 215, 
Fourteen-pole, three-phase, series delta, Figure 267, page 215. 
Fourteen-pole, three-phase, two parallel delta. Figure 268, page 215. 
Fourteen-pole, three-pliase, seven parallel delta, Figure 269, page 215, 
Fourteen-pole, three-phase, fourteen parallel delta. Figure 270, page 215. 

Typical Wave Diaqbams 
Four-pole, three-phase, scries delta, 84 alota, Figure 279, pages 222 and 22.1 
Six-pole, three-phase, series delta, 108 slots, Figure 280, pages 224 and 225. 
Eight-pole, three-phose, aeries delta, 144 slots, Figure 2S1, pages 226 anil 



Twelve-pole, three-phas 



ar, ISO slots. Figure 2S2. pages 228 and 229. 
IS star, 144 slots, Figure 283, pages 230 und 
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I'auHn^U-luile, tlu'eiEvphase, series star, 189 filota, rigUTc 281, pAgtu 232 nlul 

23n. 
SixWon-pob. UirecKphaso, scries sUr, 21^ slots, f^ure *J8fi, pa««i 234 ud 

Et8lit,r«n<piiln, ihree-phaae, w^rieaetjir, lOSttlottr, FiKurc 286, paitM 236 and 
KIT. 

TwoDty-pcib, tltroo-plittBe, xerieis stur, ISO alutii, Figure 287, pugM 23H Aud 

230. 
Twool.v -four-pole, Ihrue-phaso, Mrios star, 300 bIoIb, Figure 23S, pHgeia 

2t0 and 241. 
Sixteen-polo, threoplinsn, Fpeniol four paraJlel star connection for 24(1 slots, 

FigUTu 286, p&gea 242 nud 'ii3. 



MlBCBLLANBOUe WaVIB DlAt 



Four-pole, three-pbnifi;. 
Ei|cht>-pi>le, thrcQ-pliaso 
Six-pole, three-phajw, a 



-its delta, S4 dots, Figurtt 31>, p»gr 33. 
iTJes star, 06 slots, Figure 40, pu.|;l^ 32. 
!S Gt.itr, 62 slots, Figure 41, pnge A3. 



M[BCKi.LANEOcs Group Diaorams 
Two-polo, two-phsae, series. Figure 64, page 46. 
Two-pole, two-phaae, two parallel, Figure 65, page 46. 
Two-pole, thiee-phaae, series Star, Figure 66, page 47. 
Two-pole, three-phaac, two parallel star, Figure 67, pago 47. 
Two-pole, three-phase, series delta, Figure 68, pago 47. 
Two-pole, three-phase, two parallel delta, Figure 69, page 47. 
Four-pole, three-phase, series star, Figures 54, 55 and 59, pages 41 und 43. 
Pour-pole, three-phase, two parallel star, Figures 60 and 182, pages 4S and 

177. 
Four-pole, three-phase, tour parallel star, Figure 61, page 45. 
Six-pole, two-phase, series. Figures 113 and 116, pages 88 sjid 93- 
Bix-pole, three-phase, three parallel star, Figure 62, page 46. 
Six-pole, three-phase, six parallel star, Figure 63, page 46. 
Eight-pole, three-phase, two parallel star, Figure 134, page 125, 
Eight-pole, three-phase, four parallel star. Figure 1S5, page 160. 
Ten-pole, three-phase, two parallel delta, Figure 156, page 151. 

Developed WiNciNG Diaqkaus — Showing All Coils 
Four-pole, two-phaae, series, Figures 74, 75 and 83, pages 62, 54 and 62. 
Four-pole, two-phase, series. Figure 106, page 82. 
Four-pole, two-phase, two parallel, Figures 107, 121 and 149, pages 82, 

101 and 143, 
Four-pole, two-phase, two parallel. Figure 154, page 148. 
Four-pole, two-phase, four parallel, Figure 108, page 82. 

[ Figures 58, 82, 122. 128, 150, 
\ pages 42, 62, 101, 114, 143- 
Four-pole, three-phase, series delta, Figure lfi3, page 148. 

f Figures Oi, 95, 109, 127, 151, 
\ pages 71, 83, 114, 147. 



Four-pole, three-phaa 



Sis-pole, Ihree-phas 
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i,. , ., , . 11 1 * / Figures 125, 132, 162, 

Six-pole, three-phase, two parallel star < ^^^^ ^^^^ j^i^ ^47, 

Six-pole, three-phase, scries delta, Figure 126, page 110. 

Six-pole, three-phase, three parallel delta, Figure 110, page S3. 

Eight-pole, two-phase, series. Figure 84, page 63. 

Eight-pole, two-phase, four parallel. Figure 124, page 103. 

^. , ^ , ., , • * / Figures 85, 123, 129, 

Eaght-pole, three-phase, senes star < ** ^^ ' _ ' . ' 
^ f » *- I ^ pages 63, 103, 115. 

Ten-pole, three-phase, series star Figure 130, page 115. 
Twelve-pole, three-phase, series star, Figure 131, page 116. 

' Special Diagrams 

Two-speed, three-phase, four and eight poles, parallel and scries star, for 
constant torque, Figure 135, page 126. 

Two-speed, three-phase, four- and eight poles, parallel star and series delta, 
for constant horsepower. Figure 136, page 127. 

Two-speed, two-phase, four and eight poles, parallel and series same dis- 
tribution factor on both speeds, Figure 138, page 129. 

"Split group," three-phase, six poles, in four parallels, Figure 139, page 130. 

"Consequent pole," three-phase, twelve-pole, series star, Figure 133, page 
121. 

"Tee," three-phase, six poles, "top to bottom," Figure 117, page 94. 

**Tee," three-phase, six poles, "top to top," Figure 120, page 96. . 

"Dead coil," three-phase, six pole, series star, Figure 114, page 89. 



